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ABSTRACT 
This work reports detailed EPR studies of the excited triplet 
states of the impurity molecules in the systems 1,6-naphthyridine in 
durene-do and -d14 , and 1,7-naphthyridine in durene-d14 at 
97°K. Preliminary studies of quinazoline in durene-do and -d14 
are also reported. 
For each of the systems 1,6-naphthyridine in durene-do and 
-d14 , and 1,7-naphthyridine in durene-d14 there are two magnetically 
distinguishable ways in which the impurity molecule replaces a given 
host molecule. For quinazoline in durene-do and -d14 there are 
four such "impurity sites". The two different impurity sites, in 
each of the systems 1,6- and 1,7-naphthyridine in durene, have 
different fine structure parameters but, within experimental error, 
identical hyperfine structure. Determinations of the direction 
cosines the fine structure axes of l 6-, and 1,7-naphthyridine 
w.r.t. the crystallographic axes of durene are also given. From 
these results information about the way in which the impurity 
molecules enter the host lattice is obtained. It is found that 
quinazoline and 1,6-naphthyridine take up orientations in the host 
lattice other than those of perfect substitution. An analysis of the 
hyperfine structure for 1 6-, and 1,7-naphthyridine in durene 
suggests that the impurity molecule in each case enters the host 
lattice in positions of near perfect substitution. 
The orientational information for these systems is compared with 
theoretical packing calculations. There is a good correlation between 
the results of the calculations and the experimental results. It is 
concluded that perfect substitution is not the rule for mixed crystals 
of l,x-diazanaphthyridines in durene and that significant deviations 
are possible due to rotations about the N molecular axes. 
CHAPTER 1 
INTRODUCTION 
The introduction begins by setting the broad perspective and 
background into which the present work fits. Then follows a 
discussion of some of the terminology needed to describe the systems 
studied. The chapter ends with an outline of the plan adopted for 
the rest of the thesis. 
1 
1.1 Mixed molecular crystals 
In a stud~ of mixed molecular crystals it is important to 
determine the way (or ways) in which the impurity enters the host 
lattice. It is often assumed that for mixed molecular crystals the 
impurity or guest molecule takes up a position of perfect 
substitution in the host lattice i.e. one in which the molecular 
axes of the guest are parallel to those of the displaced host 
molecule. There are many examples of this, for example, naphthalene 
in durene (McClure, 1954; Hutchison and Mangum , 1961). Where 
possible, the molecular axes of the guest are defined by symmetry. 
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If the molecular axes cannot be fully defined by symmetry then, if 
the guest and host are of similar shape, the guest can be assigned a 
pseudo-symmetry which corresponds to the symmetry of the host 
molecule. It is, however , possible that the impurity may enter the 
host in a different way or in different ways. The several different 
substitutions are referred to as "impurity sites". The word "sites" 
in this context has a different meaning ~o when it is applied to pure 
crystals (see Section 1.2). An example of an impurity which replaces 
the host in only one way but not in an orientation of perfect 
substitution is pyrene in fluorene (Bree and Vilkos 1964 and Charles, 
Fischer and McDowell 1965). Examples of cases where the impurity 
replaces the host in several different ways are provided by a number 
of systems where the linear polyphenyls are used as hosts (Solov'ev 
1961 and 1962, Hochstrasser and Small 1965, 1966 and 1968, Small 
1970, Hochstrasser and Prasad 1971 and Gerkin and Winer 1967 and 
1972). If the symmetry of the impurity molecule is lower than that 
of the host, then even for perfect substitution there may be more 
than one way in which the guest can replace the host . For example 
there are two ways in which a molecule of 1,5-naphthyridine 
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(1,5-diazanaphthalene) can replace a molecule of naphthalene or 
durene for perfect substitution. The mixed crystal systems for which 
impurity sites are observed may be divided into two classes. One 
class consists of systems for which there is only one way in which 
perfect substitution can occur. For these systems impurity sites are 
observed only if there are deviations from perfect substitution. 
Systems of the second class are those for which different impurity 
substitutions are possible even if perfect substitution does occur. 
Examples of systems of the first class are given by a number of 
systems for which the host is one of the linear polyphenyls. The 
system phenanthrene in biphenyl has been extensively studied. At 4.2°K 
the optical spectrum shows a "site (impurity) splitting" of 17(2) -1 cm. 
in absorption and 9(1) -1 cm. in phosphorescence (Hochstrasser and 
Small 1965, 1966 and 1968). Calculations of the intermolecular 
repulsion energy (Hochstrasser and Small 1968) between the guest and 
host showed a double potential minimum for rotation of phenanthrene 
about its L (long) molecular axis at ±10° from the reference 
position (perfect substitution). EPR studies of phenanthrene in 
biphenyl at 77°K using both high and low magnetic field techniques 
(Brandon, Gerkin and Hutchison 1964) do not show the presence of 
more than one impurity site. They do find that the angle between the 
N axes of phenanthrene molecules in different host sites is 
59.6(0.5°) whereas the corresponding angle for biphenyl is 68° . 
The observation of only one site is not in conflict with the optical 
results of Hochstrasser and Small at 4.2°K since interconversion 
occurs between the two sites for temperatures above 10°K 
(Hochstrasser and Small 1968). More recent optical studies at 1.8°K 
using high resolution suggest that more than two impurity sites may 
be present (Hochstrasser and Prasad 1971). Perhaps the most 
extensive EPR study of a system of this type is that due to Gerkin 
and Winer (1967 and 1972). They find seven impurity sites for 
chrysene in p- erphenyl near 77°K using low magnetic field 
techniques and have measured their fine structure parameters (see 
Section 5.4). Corresponding to each of the transitions between a 
given pair of electron spin sub-levels (see Section 5.4) they 
observe seven lines indicating the presence of seven energetically 
inequivalent impurity sites. 
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Examples of the second class of impurity system are provided by 
quinoline and isoquinoline as impurities in durene (Vincent and Maki 
1965). The EPR of these two systems shows that in both cases two 
impurity sites are present, although in the case of isoquinoline it 
is certain that not both of them correspond to perfect substitution. 
In conventional EPR studies (fixed microwave frequency), the 
magnetic fields at which transitions occur are functions of the 
orientation of the magnetic field w.r.t. the characteristic 
magnetic (or fine structure) axes of the molecule (see Section 2.1). 
For quinoline and isoquinoline these axes are not completely 
defined by symmetry. The in-plane fine structure axes are not 
necessarily parallel to the corresponding (in-plane) molecular axes 
so that there are two magnetically distinguishable ways in which each 
of these molecules can replace a molecule of durene. For quinoxaline, 
whose fine structure axes are required by symmetry to lie parallel to 
the molecular axes, only one impurity site, in an orientation of 
perfect substitution, is observed (Vincent and Maki 1963). There are, 
in fact, two ways in which a molecule of quinoxaline can replace a 
molecule of durene. Since their axes are parallel, they are 
magnetically indistinguishable. Further , since these two molecules 
are related by the site symmetry of durene (a centre of inversion) 
their interactions with the crystal field are identical and are, 
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therefore, energetically equivalent. This means that their optical 
spectra should be indistinguishable also. Similarly, although t r ere 
are four ways in which a molecule of quinoline or isoquinoline can 
replace a durene molecule only two of these are magnetically and 
energetically different. The angle between the in-plane fine 
structure axes and the corresponding host molecular axes for 
quinoline in durene are ±13°(5°) and for isoquinoline in durene 
+38°(2°) and -12°(2° ) . The two sites for quinoline may correspond 
to perfect to substitution. The two sites for isoquinoline cannot 
both correspond to perfect substitution. 
Optical studies of quinoline, isoquinoline and a number of 
diaza- and triazanaphthalenes in naphthalene and durene hosts have 
recently been completed by Jordan and Ross (Jordan 1970) and by 
Fischer (1972). Of those molecules where only one impurity site is 
expected for perfect substitution, namely quinoxaline, (1,4-
diazanaphthalene) and 1,8-naphthyridine, only quinoxaline showed 
evidence for more than one site. Th e site splitting for 
quinoxaline was found to be -1 6 cm. in both hosts. The quinoxaline 
i mpurity sites, in both cases, belong to class l. In only one 
case, namely for cinnoline in durene, were more than two impurity 
sites positively identified . In this case there are four impurity 
sites (Jordan 1970 and Jordan and Ross 1972). Similarly, for 
phthalazine (2,3-diazanaphthalene) in durene (Hochstrasser and 
Marzzacco 1968) only one impurity site was observed. In general the 
optical and EPR results agree quite well. The optical studies of 
quinoline and isoquinoline in durene at 4.2°K (Jordan 1970) show 
the presence of more than one impurity site in each case. And for 
isoquinoline it has been determined that substitution is not ideal. 
Bray and Craig have suggested that it is for cases where the 
molecule ha s two (or more) different modes of substitution that the 
largest "site splittings" are likely to be observed in optical 
spectroscopy (Bray 1972 and Bray and Craig 1972). 
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These are the optical and EPR results which preceeded the 
present study of 1,6-naphthyridine (1,6-diazanaphthalene), 
1,7-naphthyridine (1,7-diazanaphthalene) and quinazoline (1,3-
di azanaphthalene) in durene. It was not truly clear from previous work 
whether or not for the aza-, diaza- and tri-azanaphthalenes, perfect 
substitution was the exception or the rule. An EPR study of these 
systems and of 1,5-naphthyridine in durene was expected to clarify 
the situation. 
Generally , it is difficult to obtain information about the 
orientations of the impurities from optical spectroscopy whereas 
some orientational information is readily available from EPR. This 
is not to say that such information cannot be obtained from optical 
spectroscopy ; a case in point being the analysis of the absorption 
spectrum of quinazoline by Jordan and Ross (1972). 
EPR gives information about the orientation of a set of axes, 
fixed w.r.t. the molecular axes of the impurity, relative to 
those of the host which are known from X-ray crystallography. It 
should also be possible to find differences between the fine 
structure parameters for two such sites. Such differences have been 
obs erved for some of the polyphenyl host systems mentioned above 
(Gerkin and Winer 1972). The two impur i ty sites observed for 1,5-
naphthyridine in durene have been shown to have different fine 
structure parameters although their values have not been determined 
(Nishimura et al 1971). 
The EPR signals exhibit hyperfine structure due to inter-
actions between the electron and nuclear magnetic moments. From a 
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detailed analysis of the hyperfine structure, perhaps using ENDOR 
or partially deuterated material, information concerning the 
orientation of the molecular framework relative to the fine structure 
axes should be available. 
More recently, the EPR of several of the l,x-diazanaphthalenes 
have been studied by Vincent and co-workers. They find two sites for 
each of the systems quinazoline (Nishimura et aZ 1971) and 
1,5-naphthyridine (Vincent 1971 A and B) in durene with the in-plane 
fine structure axes shifted by ±18°(3°) and ±9.0°(o.s 0 ) 
respectively relative to the corresponding host molecular axes. For 
1,8-naphthyridine in durene only one impurity site is observed 
(Nishimura et aZ 1971). Several substituted naphthalenes and 
azanaphthalenes have also been studied by a number of workers (Table 
7.4). 
1.2 Sites 
The word sites is used in this thesis to describe two different 
situations depending on whether it refers to a host or guest 
molecule. The host site of a crystal is used to distinguish between 
the translationally inequivalent molecules of the unit cell. The 
impurity site is used to distinguish between guest molecules which 
replace a host molecule in different ways. This does not distinguish 
between impurity molecules which are related by the crystal symmetry 
but are translationally inequivalent as it does in the case of the 
host sites. 
1.3 Systems studied 
The systems chosen for study were those l,x-diazanaphthalenes 
which do not have an in-plane axis of symmetry. 
These compounds and a number of closely related species are 
listed below under their commonly used names and their names as 
nitrogen heterocyclic derivatives of naphthalene. The numbering 
system of Figure 1.1 is used to indicate the positions of the 
nitrogen atoms i n t he rings . Throughout this thesis the common 
name will be used. The mole cular axes of these compounds are 
defined as shown in Figure 1.1. 
Common name 
Quinoline 
Isoquinoline 
Cinnoline 
Quinazoline 
Quinoxaline 
Phthalazine 
1,5-naphthyridine 
1 , 6-naphthyridine 
1 ,7-naphthyridine 
1,8-naphthyridine 
1 ,4 ,6-triazanaphthalene 
As an azanaphthalene 
1- azanaphthalene 
2-azanaphthalene 
1,2-diazanaphthalene 
1,3-diazanaphthalene 
1 , 4-diazanaphthalene 
2,3-di azanaphthalene 
1,5-diazanaphthalene 
1,6-diazanaphthalene 
1,7-diazanaphthalene 
1,8--diazanaphthalene 
1,4,6-triazanaphthalene 
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Figur~e 1.1 (a) . Numbering system and molecular axes for the nitrogen 
heterocyclic naphthalenes. L is the long molecular axis, M is the 
me di an (or short in-plane) axis and N is the normal to the molecular 
plane. The molecular origin is taken to lie at the mid-point of the 9,10 
bond. 
8 l M 
7 2 
L 
6 10 3 
5 4 N 
Figure 1.1 (b). The numbering system and molecular axes for 
1,2 , 4 , 5-tetrarnethylbenzene (durene). The origin is taken to be at 
the centre of inversion. 
10 7 M 
5 
~ 1 
I --+ L 
I 
I 
/ ,... 2 I / I / I / ' V. 
9 3 8 N 
1 . 4 Choice of host 
Durene was found to be a suitable host for the following 
reasons. 
1. It has a known crystal structure. 
2. It is easily purified. 
3. The solubility of the guests is ~1%. 
4. The energy of the triplet s t ate of the guests relative to 
the ground state are considerably lower than the 
corresponding energy difference for durene (deep trap). 
Naphthalene,on the other hand, is quit e unsuitable since it does not 
fulfill condition 4. 
l.~ Errors 
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Except where otherwise stated the errors or standard deviations 
given with measured quantities were measured. For parameters 
determined from measured quantities errors are determined as follows. 
If the error (o) in y , a function f(x 1 , x 2 , ... ) of y 
x i , x2 , ... , is to be determined, where the errors 0 , 0 , 
Xl X2 
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in x 1 , x 2 , ••• are known t hen: 
02 = (~y 12 02 + [~y 'J 2 02 + . . . . 
y ox1J X1 ox2 X2 
The standard deviations are given in parentheses after the quantit ies 
to which they refer. 
1.6 Plan of the t hesis 
The magnetic resonance theo~y which is requi red in later 
sections is covered in Chapter 2, while Chapter 3 deals with the 
experimental details. 
Presentation of the experimental results begins in Chapter 4 
which deals with the orientation of the impurities in the host 
lattice . Chapter 5 contains measurements of the fine structure 
parameters and triplet state lifetimes. The hyperfine structure is 
discussed in Chapter 6. Calculations of the intermolecular forces 
for a number of diazanaphthalenes as impurities in durene are 
performed in Chapter 7 with a view to determining the effects of 
these forces on the orientation adopted by the impurity. 
The main conclusions of the thesis are then summarized in 
Chapter 8. 
11 
CHAPTER 2 
MAGNETIC RESONANCE THEORY 
This chapter covers the major part of the magnetic resonance 
theory which will be required in later sections. There are two main 
sections. The first covers the electron spin transitions. Emphasis 
is placed on measurement of the g-factors and fine structure 
parameters and on the experimental determination of the directions of 
the axes, which diagonalize the fine structure tensor, by the 
location of turning points. The second part covers the theory needed 
to describe the hyperfine structure of the electron spin transitions 
which is due to interactions between the electron and nuclear spin 
magentic moments and also between the nuclear magnetic moments and 
the external magnetic field. The hyperfine structure depends. on the 
TI-electron spin densities~ tensors which describe the interactions 
between a given nucleus and the spin density on a given atom, the 
electron spin transition concerned, the magnetic moments and the 
magnitude and direction of the external magnetic field~ 
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2.1 The triplet state electron spin Hamiltonian 
Energy splittings due t o the e lectronic or spatial parts of t he 
molecular Hamiltonian are very large compared with the splittings due 
to the parts of the Hamiltonian containing spin terms. 
The zero-order Hamilton ian (H0 ) is therefore chosen as one 
which contains spatial terms only. Those parts of th e Hamiltonian 
. 
(Hspin1 containing spin terms , J are then taken as perturbations on 
the zero-order Hamiltonian. So that the total molecular Hamiltonian 
(ignoring nuclear spin terms) is given by: 
H =Ho+ He spin 
For aromatic hydrocarbons and heterocyclics, terms which 
. 
contribute to He sp i n are the Zeeman interaction with the 
magnetic dipole of the electron and the i nteraction between the 
dipoles of the two electrons. The eff ect of spin-orbit coupling, 
which is of importance in other systems such as organic carbonyl 
compounds (Batley and Bramley 1972), appears to small in these systems. 
The evidence for this is as follows. The g-factors determined 
experimentally for these molecules are very close to the free electron 
values, indicating that the effects of spin-orbit coupling upon the 
g-factors, at least, are small. Also, the res ults of calculations of 
the fine structure parameter s of isoquinoline, quinoline and 
quinoxaline suggest that a t least the major contribution, to these 
terms, can be obtained by considering solely the spin-spin interaction 
between the two electrons (Gonda and Maki 1969 and Boorstein and 
Gouterrnan 1965). It may be that the spin-orbit interactions are 
significant but that the effect is to shift all the triplet spin 
- 13 
sub-levels by the same amount and does not affect the fine structure 
observed in an EPR experiment (Hochstrasser 1972). 
If ~0 is the molecular wave function in the zero-order 
approximation with energy W0 , then: 
The wave function ~0 is ho wever triply degenerate with respect 
to spin . 
The three spin states can be represented by 8M where 
s 
M 
s 
. is 
the spin magnetic quantum number. For a triplet state M = O, ±1. s 
The wave function ~0 can then be written as a product of space 
and spin wave functions: 
where 
and 
~o = ~e. 
i 
~=spatial part of the wave function , 
8. = spin part of the wave function 
i 
i = M 
s 
. 
I . b d h He spin tis to e expecte tat should remove the degeneracy 
of the three spin s tates. The eigenfunctions and eigenvalues of the 
resulting spin levels are determined from degenerate perturbation 
theory . The eigenvalues are solutions of the secular determinant: 
where 
and 
. 
H~ . spin 
i] 
0 .. We spin = 0 
i] 
We spin= perturbation of the energy level due to He spin 
o .. = the Kronecker delta function. 
i] 
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The eigenvalues of the system (w. J 
i 
are then approximately given by: 
. 
w. = wo + we spin 
i 
corresponding to an approximate eigenfunction 
~. = ~o + ~e spin 
i 
(\fl.) 
i 
I f . h . (r.1e spin) f h . ub n ormation concerning t e energies ~ o t e spins ' -
. 
states is obtained by looking at the properties of H~.spin 
i] 
2.1.1 Zero magnetic field 
In zero magnetic field, the major perturbation for aromatic 
hydrocarbon molecules, is that due to the dipole-dipole interaction 
between the two unpaired e lectrons. The perturbing Hamiltonian is 
given by: 
H
e spin 2 
0 
2 ( 5 _( 1 ) • 5 _( 2 ) 
= g µ ~~~~~~ - 3 
\. I r .I 3 
( r • s _( 1 ) ) ( r • s _( 2 ) ) } 
I r_l s 
where 
g = 2 . 0023 and is the "g-factor" of the electr,on, 
-24 -1 S = 9.2732 x 10 joule telsa (Alward and Findlay 1971), 
r is the interelectronic vector 
and 
s(l) and s(2) are the spin operators for electrons l and 2 
respectively. 
It is the quantum mechanical analogue of the classical energy for 
the interaction between two point dipoles: 
{
µ 1 •µ2 _ 3(µ1 •r) Cµ2•r)l 
r3 rs J 
since for the electron µ = -gSS (Carrington and McLachl an 1967). 
A more useful form of the Hamiltonian is obtained by expanding 
in terms of an arbitrary set of Cartesian co-ordinates as follows: 
+ [ r 2 - 3 z 2 ] s ( l ) s ( 2 ) - 3 xy [s ( l ) s ( 2 ) + s ( l ) s ( 2 ) 1 
Z Z X y y X ~ 
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- 3yz 1s (l)s (2)+s (l)s (2)1 - 3xz[s (l)s (2)+s (l)s c2u} 
~y Z Z y ~ X Z Z X 
After separating out the space and spin parts, the matrix 
elements are given (McGlynn et al. 1969) by : 
H:.spin 
i] 
~ s (l)s (2) e. > pq p q J 
where 
and 
n pp 
p, q = ~-:, y, z . 
. 
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From this rearrangement, He spin can be replaced by an effective 
· H 'lt · (H·eeffspin) whe~e.· spin ami onian ... 
He spin= 
eff l p,q 
S"2 s (l)s (2) pq p q 
Since the matrix elements n form a real symmetric matrix, it pq 
is possible to choose a specific set of axes x, y and z such that 
the off diagonal elements n = o • pq Whereas formerly x, y 
and z 
referred to any set of orthogonal axes, they now refer to that set of 
axes for which the n form a diagonal matrix. Therefore: pq 
He spin= 
eff In ·s c1)·s c2) p pp p p 
The Hamiltonian here is expressed in terms of spin operators 
which refer to individual electrons. It is more convenient to use 
operators referring to the total (triplet) spin state. And this gives 
(McGlynn et al. 1969): 
r. e spin , 
Heff = l 
p 
~ s2 
pp p 
I' 
This leads directly to the -cwo forms in which this Hamiltonian 
is most commonly written: 
where 
and 
. 
He spin= -XS2 
eff X z5
2 
z 
-X = ~ , -Y = ~ - Z = ~n 
xx yy' zz 
X + Y + Z = 0 • 
Alternatively, . since 52 = 52 + 52 + 52 
X y Z [ (where 
52 = S(5+1) = 2)] , the Hamiltonian can be written in terms of 
and (5 2 -5 2 ) • The Hamiltonian can be further 
X y 
simplified since n + ~ + o = o • 
xx yy zz Rearranging 
He spin 
eff 
where 
and 
. He spin= 
eff 
D = lo 4 zz 
E = ~ (0 -St ) 
xx YY 
The Hamiltonian may be written in a more compact form as: 
. 
He spin= 5•D•S 
eff 
17 
I, 
18 
w .. ere 
°' 
-1-X 0 ID/3-E 0 0 
D = 0 -Y 0 :: l 0 D/3+E 0 L 0 0 -z 0 0 - 2D/3 
-
so that D is traceless . . 'ote that D is diagonal but cnly because 
the axis system was chosen such that this would e so. D is 
described as being t ! e z ero field splitting or fin e structure tensor, 
and the choice of axes for which it is diagonal are the zero field 
splitting or fine structure axes . 
2 . 1 . 2 In the presence of a ~agnetic field 
In this case , the perturbing snin Eamiltonian consists of ter~s 
(HSS\ due to the dipole - dipole interaction J discussed above, and 
l,He zee1 terms due to the Zeeman interaction J i . e., the interaction 
between the electron magnetic dipoles and the external mag71etic fie l d. 
So that : 
where 
and H is the external magnetic field. The g-tensor for molecules 
cons ider2d here is very nearly, though not quite> isotropic. The 
values of its components are found to var y slightly f rom the free 
electron value of 2 . 0023 due to spin-orbit coupling . 
Therefore, the electron spin states and their energies may be 
determined from an effective Hamiltonian of the form : 
...... 
. 
He spin= SH •g•S + S•D•S. 
eff 
2.1.3 The energy levels and .the EPR transitions 
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If the principal axes of g and D are parallel (i.e., g//0), 
then r ' :-or H//z , t e eigenvalues and ·eigenvectors of the Hamiltonian 
derived above are given (Carrington and McLachlan 1967 ) by: 
where : 
z /(X VJ 2 11> [~J W1 - - -+ I ___:_:__ +g2 S2H2 = 2 ~ 2 zz ' 
Wo = z lo> = m ' 
z 
- -W- - - - - /(X-YJ+g2 i32H2 II> - [-tJ 1 2 
s = sin e ' 
2 zz . ' 
C = ·cos 8 and 1:an 28 = (X-Y)/2g SH 
zz 
Analogous r~sul ts are obtained if H/ /X or if H/ /y . 
The energy levels as a function of IHI are shown in Figur1 e 
2 . 1 . The energy lev~ls are denoted by the corresponding very high 
field state as shown. 
The magnitude of IHI as a function of the direction of H, 
relative to the fine structure axes, goes through a three di~ensional 
turning point at e ach of the fine structure axes. In the generally 
adopted convention in which lzl > Ix! > !YI , it is found that for 
the x and z axes, the high field turning point is a double 
1aximum while the low field turning point is a double minimum, and 
f or the y ax is ·, both turning points are saddle points. 
Figure 2 . 1 . 
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fun ct ions of the 
H/ /y and H/ /Z 
g = 2.0030 , 
xx 
2 3 4 
So far it has been assumed that g;; D . The molecules studied 
in this thesis are expected to have a plane of symmetry. As a 
result , there will be one axial direction ( z) common to g and 
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D. However, since there is not an in-plane symmetry axis, the other 
two axes of g and D need not be parallel. Even if the in-plane l 
axes are not parallel, it is easily shown (Appendix 1) that the 
effect on the fields at the turning points is negligible. This is 
because, as was mentioned above, g is nearly isotropic. 
If the field and frequency at which the transition from lo> to 
!1> occurs, when H/;z , are Ho1 and Vo 1 then: 
3Z /(X-Y) 2 + 2 0 2H2 2 + 4 gzzµ 01 • 
And similarly, for the transition from Ji> to lo> 
Again it is noted that in these formulae X, Y and Z are 
interchangeable . The formulae show that to calculate and Z 
from measurements of fields and frequencies then X and Y must be 
known. The same considerations apply in calculating X or Y from 
experimental data. The technique, therefore, which is used, is to do 
an iterative calculation starting with some approximation, which is 
expected to give values close to the correct values. At X-band 
frequencies and for the type of molecule studied, it is easy to show 
that: 
and g2 (32H- > (X-Y)
2 
zz 1 0 4 
so that: 
and: 
/
,(X-
4
Y) 2 2 0 2H2 ~ a + g, µ o l "C g µHo • 
. zz ' zz 
The error in calculating g 22 for example using this approximat
ion 
is about 1% so that the first approximation is a good one and 
convergence is quite rapid. 
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There is an important point about these equations used to 
calculate the g-factors and fine structure parameters. It is that, I 
since X + Y + Z = 0 then measurements along only two of the fine 
structure axes are required to calculate X, Y and Z. This point 
is particularly relevant when measurements along one of these 
directions canno be performed accurately. 
2.2 Nuclear hyperfine structure 
It is often found that each line corresponding to an electron 
spin transition consists not of a single line, but of a large number 
of lines very close together. This hyperfine structure is due to a 
splitting of each electron spin state into a set of sub-states 
corresponding to different nuclear spin states . Each state is split 
into a set of electron-nuclear spin states. There are two contribut-
ions to the splittings of the nuclear sub-states. They are the 
interaction between the nuclear magnetic dipole and the electron 
magnetic dipole, and the interaction between the nuclear dipole and 
the external magnetic field (the nuclear Zeeman interaction). 
for normal aromatic heterocyclics, whose constituent elements 
23 
consist predominantly of the isotopes and H 1 , these 
interactions will be with the N1 and H1 nuclei since C12 has 
no nuclear dipole moment. 
2.2.1 The nuclear Zeeman interaction 
The Hami. ltoni' an f-_NJ. zee] f 1 ( ·) · t · · h \ff. or a nuc eus J in eracting wit 
an external magnetic field (H) is given by: 
where: 
and 
g. = 
J 
SN = 
H = 
/: zee 
J 
= - g . SN H • I . J . J 
g-factor of nucleus . J 
' 
the nuclear magneton, 
the magnetic field, 
I.= the nuclear spin operator for nucleus 
:J 
. 
J • 
Choosing the axis of quantization (Z) to be parallel to the 
magnetic field: 
Y'! zee = -g.SNHI . 
J ] Z] 
where : 
I . = the 
ZJ z- cornpo
nent of I . . 
J 
( 
• lWNJ. zee I So the energy for the interaction ) i s given by: 
where 
J! zee = -g.SNHm 
J J J 
m. = the magnetic spin quantum number for nucleus 
J 
For several nuclei the Hamiltonian becomes: 
If zee = l -g.S H•I .. J N· -J . 
J 
2 . 2.2 The electron-nuclear interaction 
. 
J • 
Since it is the energy of the electron which is of interest, 
this is interpreted as being the interaction between the dipole 
moment of the electron and the magnetic field due to the nuclear 
• • . r_HN) dipole moment. The magnetic field l due to the nuclear dipole 
(AN) may be written in terms of a vector potential where: 
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The vector potential due to the magnetic moment at a point a distance 
r from it is given by: 
Therefore : 
So that the energy of the electron-nuclear dipolar interaction is 
given by the Hamiltonian: 
e HN 
-µ • . 
It is then possible to show that (Bersohn and Baird 1966): 
- 3 
where o(r) is the Dirac delta function. 
. N µ gives: 
= -g/3g.l3 lS·I - 3 
i N 3 
r 
CS•r)(I• 
8'1T e Ni-( ) 
- µ •µ u r 
3 
Substituting for 
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e µ and 
These two terms are the anisotropic (or "dipolar") hyperfine 
interaction and the isotropic (or Fermi contact) hyperfine interaction 
respectively . 
The isotropic and anisotropic interactions are expected to take 
the general forms aS•I and S·A'·l (where A' is traceless) 
respectively (Carrington and McLachlan 1967). The sum of the two 
terms can be written as S·A·I where A= A' + al and 1 is the 
unit matrix. 
In a molecular orbital picture, both interactions are thought of 
as being between electrons, distributed over a number of p-orbitals 
belonging to the atoms of the ring and those nuclei having a dipole 
moment The magnitude of the interactions of an atom (i) with a 
nucleus (j) are proportional to the normalized spin density 
on the particular ring atom and are given by: p a . . S• I. and 
i i] ·] 
(p.) 
i 
p.S•A! .•l. for the isotropic and anisotrop i c interact i ons 
l ~] J 
respectively. 
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For aromatic hydrocarbons it is found that the isotropic 
interaction and the major part of the anisotropic interaction can be 
described by considering the molecule to be made up of C-H fragments 
(Hirota,Hutchison and Palmer 1964). The principal axes of the tensor 
which describes the isotropic interaction for a C-H fragment are as 
follows: the A axis is along the C-H bond the B 
. . 
axis is 
normal to the plane of the aromatic ring and the C axis is a third 
mutually perpendicular axis. For a CH fragment of an aromatic 
molecule, the splitting due to the isotropic part of the interaction 
is -66.9 MHz per unit spin density and the anisotropic part is 
given by: 
A'/h = 34.7 MHz per unit spin density 
B'/h = 0.9 MHz per unit spin density 
C'/h = -35.5 MHz per unit spin density, 
for the contributions when the magnetic field is directed along the 
A, B and C axes respectively (Hirota, Hutchison and Palmer 1964). 
The small contributions of the spin density on a non-adjacent C 
atom to the dipolar interaction with a given proton is generally 
taken into account by an approximate calculation (Hirota et al 1964) 
rather than by use of experimentally determined parameters for 
interactions involving larger fragments. 
For nitrogen heterocyclics an analogous model involving N : 
and C-H fragments is used. The parameters describing the hyperfine 
........ 
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interaction for the C-H fragments are assumed to be the same as for 
aromatic hydrocarbons. Unfortunately, the parameters for the N: are 
not accurately known. 
The total Hamiltonian used to describe the hyperfine structure 
. . is given by: 
Hhf 
= l p . (a .. S• I . + S • A! . • I . J - l g.SNH•I. 
l, J l l] J ~] J J J J 
= l p. S• A . . • I. - l g .BNH• I. 
. . l :1.J J . J J l,J J 
where . l refers to the ring atom and . J refers to the nucleus 
concerned. Since the separations of the electron spin levels are 
large compared with those of the nuclear spin sub-levels (a factor 
of approximately 660), terms which involve mixing between different 
electron spin states may be ignored. So, for a given electron spin 
state In> , the Hamiltonian reduces to: 
where 
Eff = I 
. . l,J 
p.<S>·A . . ·I. 
l . :1.J J l. g·S H.I J J N j 
( S ) = ( n I S_I n ) = i (n I S I n ) + j ( n I S I n ) + k < n I S I n > • 
· X · y Z 
Alternatively Jff can be written as: 
where 
........ 
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Iff 
J 
= [< s I (I p . A .. J - g SN H~ • I . • 
. l :l] J . J 
l 
2.2.3 The energy levels 
If the z axis is chosen to be parallel to ~he direct i on of 
[ <s >(I p. A .. ] - g.SN~ then: 
. l :l] J . 
l 
where I. is the z component of I . 
JZ ~ (w]l.n, mj > l So that energy 
of the jm.) nuclear sub-level of the In> electron spin state is 
J 
given by: 
where m. 
J 
] n ,m.) 
w. J 
J 
= ( ( S) l P. A. . - g . SN HI m. i l l] J . J J 
is the nuclear magnetic spin quantum number for nucleus 
This gives the splitting of the electron spin state due to the 
interactions involving the nucleus . J and must be summed over all 
. 
J • 
nuclei to give the total splittings. The total number of sub-levels, 
. 
ignoring accidental degeneracies, i s equal to the product of the 
multiplicities of the nuclei involved. 
2.2.4 Transition probabilities 
Consider a transition from a nucl ear spin s ub-level of one 
electron spin state to a nuclear spin sub-level (m ! ) of another 
J 
I 
electron spin state Cln ')) , where the splittings are due to only 
one nucleus (j) . The transition probability is proportional to 
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l<n, m.js In', m!>j 2 
J X J 
(Carrington and McLachlan 1967), where S lS X 
referred to a co-ordinate system in which Z//H. Expanding: 
l< n, m.j s In', m!>l 2 
J X J 
= l<nls ln 1 ><m.lm!>j 2 • 
X J J 
If m. and m~ are referred to the same basis (i.e. , if Z//Z' ) 
J J 
then: 
(m.jm!) = 
J J 6 ' m. ,m . J J 
and the selection rule is that &n. = 
J 
0 • 
Unfortunately, Im. ) and 
J 
Im~) may be referred to different 
J 
co-ordinate systems. 
For I= 1/2 nuclei (e.g., H 1 ) , if the angle between z 
and z·' is ¢ then: 
.and 
<1;2j-l/2') = sin 2¢. 
Therefore if the directions of the z axes vary from one 
electron spin state to another then: 
1. the splitting due to nucleus (j) will not be the same for 
both of the "allowed" electron spin transitions , and 
2 "forbidden transitions" may become possible,complicating the 
spectrum. 
........ 
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For X-band experiments on naphthalene-l ike molecules the terms 
(S). Ip . A .. 
. l -:1..J 
l 
and lgjSNHI may be comparable, so that these 
effects may become quite severe. The situation is illustrated in 
Figure 2.2. The magnitude of the splitting in a given electron spin 
state is given by the length of the vector ( S)•p .A .. - g . SNH . 
l l] l 
Since ( ol~!o> = 0 the splittings in this state are due only to the 
Zeeman interact ion and therefore the intensity of forbidden 
transitions between this state and another state can be obtained from 
¢ the angle between -g.SNH and the directioh of l . 
( S) • L p. A .. - g.SNH for the other state. 
. l l] l 
l 
2.2.5 A special case 
If the magnetic field lies along a principal axis of the tensors 
I p.A .. ' g and D simultaneously, then the vectors ( S). Ip.A .. • 1 "l] 
l l :LJ l 
and -gjSNH will lie along the magnetic field direction. If the z 
H~f 
J 
axis is chosen to be parallel to the magnetic field then 
reduces to : 
\ zz I l p . A . . - g . SNH I . 
. l l] J J J z 
l 
Whe~e A2. 2. · th t f  is e componen o 
l] 
along the z axis. Therefore, 
the energy 
In ,m.) 
W. J of the nuclear sub-level Im. > 
J 
of the electron 
J 
spin state In> is given by: 
[ <1 Is 11 ) . I p. A .. - g . BNH] 
. l l] J 
__l ___ _ 
'\ 
'\ 
'\ 
'\ 
'\ 
'\ 
'\ 
<1I Sl1> . L p.A .. 
l l] 
l 
< -1 1s1-1> . Ip.A .. 
. l l] 
l 
3..,_ 
H 
TRT 
Figure 2 . 2 . Vector diagram to show the angle between L P. < S >.A. . - g. 8 H 
. l l] ] · l 
l 
L p.<S> .A .. ~ J&BNHI (see Section 2.2.4). i l l] J 
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The allowed transitions are those for which 6m. = 0 . Consider the 
J 
1-1,rn.> 
transitions from W J 
Io ,m. > 
to W J 
!o,rn.> 
and W J 
jl,m.> 
to W J : 
and 
Io ,m. > 
W. J 
J 
I 1,m. > 
w. J 
J 
since < o!s [o> = o . 
z 
1-1,rn.> 
w. J 
J 
[o,m.> 
W. J 
J 
I l zz = -<-1 S -1) • A • • m z l] J 
= <1!s [1>A~:m. 
z l] J 
At a given magnetic field < -1 IS [ -1) = -( 1 IS j 1) , so that ,:he 
z z 
splittings observed for the two different electron spin transitions 
are the same. However, the two electron spin transitions do not 
occur at the same magnetic field, so that l<-1ls l-1 I 
z 
and I <11 s I 1> I 
z 
are not quite equal. The difference between them, for the type of 
molecule considered here , is about 2%. 
It should be noted that the change in the transition energy does 
not involve a term due to the Zeeman interaction, so that for this 
special case the Zeeman interaction can be ignored. Clearly, this 
will not be true in general. The special case occurs for example in 
considering the splittings due to the a protons in naphthalene when 
the magnetic field is parallel to one of the molecular axes, and for 
planar aromatic hydrocarbons and heterocyclics, when the magnetic 
field is parallel to the normal molecular axis 
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CHAPTER 3 
EXPERIMENTAL 
This chapter contains descriptions of the apparatus, techniques 
used to obtain the ea:perimental results and preparation of samples. 
The results of the measurements are presented in Chapters 4, 5 and 6. 
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3.1 The Basic Spectrometer 
The experiments were performed with a Varian Associates 
4502-15 X-band (9GHZ) EPR Spectrometer with 100 KHz phase sensitive 
detection. A Varian Fieldial was used to vary the static magnetic 
field, and the first derivative absorption signal output from the 
spectrometer was displayed either on an oscilloscope or a Varian 
F-80AM XY Recorder. To allow direct U.V. irradiation of the sample, 
either a Varian V4531 Multipurpose Cavity or a Varian V4534 Optical 
Cavity was used . Both are rectangular cavities operating in the 
TE102 mode , where the axis convention used to define the mode is that 
of Poole (1967 A). For measurements of decay rates, to determine 
triplet state lifetimes , the spectrometer output was directed to the 
Y axis of a Tektronix 564 Storage Oscilloscope whose X axis sweep , 
accurate to 2% , was checked against the 50Hz mains frequency . 
Measurements of the microwave frequency were made with a Hewlett-
Packard 5257A Transfer Oscillator and a Hewlett-Packard 52451 Frequency 
Counter. From its comparitive stability and frequency agreement with 
a Monsanto Model 114A frequency counter and a Rohde and Schwarz SMDH 
frequency synthesizer, its accuracy is taken to be 6 parts in 10
7
• 
It is noted that this is better than the stability of the microwave 
frequency during these experiments which was generally about 1 part 
in 10 5 • To ensure that the correct harmonic was being used in the 
transfer oscillator the measurements were checked against a wave-
meter with an accuracy of 1 in 10~. Estimates of the magnetic field 
accurate to 0 . 1 G were obtained by measuring , with the same counter, 
the resonance frequency of a proton magnetic resonance probe 
positioned bes ide the cavity between the pole faces of the magnet. 
As the probe is external to the cavity, in many exper i ments a small 
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quantity of diphenylpicrylhydrazyl powder, whose g-factor is taken to 
be 2.0037(0 . 0001) (Hutchison and Pastor 1951), was placed within 
1 m.m. of the sample as an internal standard. 
Oscilloscope display was used for those measurements where only 
the position of the line centre was required. To allow the signal to 
be presented on the oscilloscope an audio frequency sine wave was used 
to modulate the magnetic field and at the same time drive the X axis 
of the oscilloscope. A frequency of 40 Hz, with variable amplitude, 
was found suitable for this purpose. Where accurat e estimates of the 
line centre were required, for example measurements used to calculate 
the g-factors and fine structure parameters, the peak-to-peak amplitude 
of the 40 Hz modulation was reduced to be approximately equal to the 
peak-to-peak width (line width) of the EPR signal. The signal was 
then centered on the osicilloscope and the microwave frequency 
accurately measured. Next, with the 40 Hz sweep off , the magnetic 
field was determined using the proton probe. If only the relative 
positions of a series of line centres were required, for example in 
measurements of field against angle used to est imate the position of 
a turning point in a rotation plane, modulation amplitudes two or 
three times the line width were used, and the magnetic fields were 
determined from the decade switches of the Fieldial. 
Recorder presentation was used where details of the line shape 
(e.g. hyperfine structure) or accurate peak heights were required. 
Here the static magnetic field is swept with he variable sweep unit 
of the Fieldial, which also drives the X axis of the recorder. The 
frequency was noted at the beginning and end of each scan and any 
"drift" was assumed to be linear. After completion of the scan the 
magnetic field at two positions on the chart were measured using the 
proton probe. The field and frequency at a given position on the 
11 
: 
I 
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chart were both obtained by interpolation. There is an assumption 
here that the recorder scan is linearly proportional to the field . 
This was checked in several experiments by taking a third, and 
sometimes a fourth, field measurement and the assumption was found to 
be valid within the accuracy of the probe. 
The power incident on the cavity with zero attenuation was 
nominally 150 mW. In all cases the attenuation of the power level 
was adjusted so that no saturation of the signal was evident. When 
hyperfine structure was not observed, or not of interest, power 
levels up to 10 dB down from full power were found to be suitable. 
However , where hyperfine structure was being recorded, attenuations 
of 20 to 25 dB were used. Similarly, the amplitude of the 100 KHz 
modulation for the phase sensitive detector was carefully adjusted 
so that it caused no broadening of the EPR signal or, where hyper-
fine structure was being recorded, of components of the EPR s i gnal. 
The low temperatures required for these experiments (about 
100°K) were obtained using a Varian Variable Temperature Accessory. 
The cooling medium in this apparatus is a stream of nitrogen gas 
cooled by being passed through a metal coil immersed in a liquid 
nitrogen bath. The sample is thermally isolated from the cavity by 
a double-walled, evacuated silica tube through which the cooled gas 
is passed. Temperature control is by a Pt resistance sensor below 
the sample with feedback to a resistance heater below the sensor. 
Among other advantages, this allows the sample to be warmed to room 
temperature, removed, re-aligned, re-inserted and re-cooled again, 
quite readily. The dial setting of the temperature for these 
experiments was -180°C , and when a thermocouple was placed in the 
position normally occupied by the sample its temperature was found to 
be 97°K(-176°C)±2°K. 
3.2 Optics 
Photoexcitation of the sample was produced by focusing light 
from a mercury discharge lamp onto the sample by the first part of 
the optical arrangement shown in Figure 3.1. Much of the heat 
radiated by the l amp is removed by the distilled water cell, and 
transmission of light through the OX-7 filter is restricted to a 
region between 240 nm. and 420 nm., thus allowing excitation ~o the 
lowest singlet states of the guests or of the durene host . 
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For determinations of the lifetime of the triplet state from the 
optically detected phosphorescence, the exciting light was as above , 
and the sample luminescence was detected using the second par of the 
arrangement shown in Figure 3.1. The CS 3-72 filter cuts off 
radiation of wavelength less than 430 nm. and prevents transmission 
of the excit i ng light to the monochromator. The phosphorescence 
decay was recorded by feeding the output from the monochromator 
through a parallel RC circuit, to filter out high frequency noise, 
and then to the Y axis of the storage oscilloscope. 
3.3 Sources and Purification of Chemi cals 
3.3.1 Materials for Mixed Crystals 
Single crystal samples of 1,6-naphthyridine in durene-d 0 and of 
quinazol i ne i n durene-do were obtained from Professor I.G. Ross 
(Chemistry Department, AU) and were from boule grown crystals 
prepared by Dr A.D Jordan (Jordan 1970). Durene- d14 containing 99% 
deuterium used as a host material was obtained from Isomet (Oakland, 
New Jersey) and was used as received. Guest materials, quinazoline , 
1,6-naphthyridine and 1 , 7-naphthyridine were obtained from Dr W. 
Armarego (Department of edical Chemistry , ANU). The 1 , 6-naphthyridine 
Figure 3.1. 
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Optical arrangement used for (a) excitation of the 
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was supplied by Dr Armarego in purified form fr om vacuum distillation. 
Quinazoline and 1,7-naphthyridine were purified by vacuum sublimation. 
The preparation of l,6-naphthyridine-d5 was done by M. Puza. 
The method involved deuterium exchange under neutral conditions in 
the liquid state using D20 and platinized asbestos as catalyst. The 
method is found useful for the deuteration of a number of heterocyclics 
(Fischer and Puza 1972) . Replacement of protons by deuterium was 
determined by mass spectrometry to be 92%, and the proportion of the 
l,6-naphthyridine-d5 isomer was determined to be 86%. 
3.3.2 Materials for Glasses 
Solventl.i 
95% ethanol: Fluka, Spectroscopic Grade 
3-methyl pentane: Fluka~ TnsTrument Grade 
diethyl ether: Eastman-Kodak, Spectrograde (freshly opened) 
Solute.I.> 
Cinnoline, quinazoline, 1,5-naphthyridine, 1,6-naphthyridine, 
1,7-napthyridine , phthalazine, 1,4,6-triazanaphthalene and 1,4,5-
triazanaphthalene were all obtained from Dr W. Armarego (see 3.3.1). 
The quinoxaline was purum grade Fluka material. All except 1,6-
naphthyridine (see 3.3.1) were purified by vacuum sublimation . 
3.4 Sample preparation 
3.4.1 Mixed Crystals 
The host and guest material were placed in 5 m.m. I.D. pyrex 
tubes. Next air was pumped out of the tube by reducing the pressure 
as far as possible within the limit set by excessive loss of material 
by sublimation. Subsequently the material was put through three 
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freeze-pump-thaw cycles . Each cycle consis ted of rapidly cooling the 
tube by immersion in liquid nitrogen, evacuati ng to a pressure of 
approximately l torr, then pressurizing to approximately 25 torr with 
pure nitrogen and heating the material until it was all melted. On 
completion of the last cycle, the material was re-frozen, the tube 
evacuated to low pressure (about 0.001 torr) and sealed off under 
vacuum. Crystals were then grown by heating the tube t o 20°C above 
its melting point and lowering it slowly through a sharp 30°C 
temperature gradient. 
The initial concentrations were: 
1,6-naphthyridine in durene-d 1 
1,7-naphthyridine in durene-d14 
Quinazoline in durene-d 14 
l,6-naphthyridine-d6 in durene-d 14 
0.040 mole / mole 
0.024 mole / mole 
0.037 mole / mole 
0.033 and 0.020 mole /mole 
However, the actual concentrations of the crystals used in these 
experiments are not accurately known. 
3.4.2 Glasses 
The solute and solvent were placed in 5 m.m. O.D. silica tubes. 
Before sealing off under nitrogen, a freeze thaw procedure similar to 
that above (3 .4.1 ) was impl emented . The procedure differed in that , 
before warming, the pressure was increased to near atmospheric 
pressure. 
Two different solvents were used. One consisted of a 5:5:2 
mixture of diethylether, 3-methyl pentane and ethanol The 
concentrations in this solvent were approxi mately 0.0001 gm./ml .. 
The other solvent was 95% ethanol. The concentrations in this case 
were approximately 0.01 gm./ml .. However, whereas in the case of the 
mixed solvent the amounts of solute and solvent were measured with a 
view to obtaining a predetermined concentration, in the case of the 
ethanol solvent the aim was a "concentrated" solution. The test to 
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determine the maximum acceptable concentration was that, after 
freezing by immersion in liquid nitrogen followed by warming to 
produce a liquid solution, no solid material should appear in the 
tube. The object was to prepare only a single phase, solid solution. 
3.5 Crystallographic propertles of Durene 
3.5 . l X-ray Crystallography 
The X-ray crystallographic data for durene is taken from the 
work of J.M. Robertson (J.M. Robertson 1933 A and 1933 B). The 
durene crystal is monoclinic with two molecules per unit cell. Its 
unit cell dimensions, density, and space group are: 
a= 1157 + 5 pm. 
b = 577 + 2 pm. 
C = 703 + 5 pm. 
s = 113.3° 
Density= 1.03 gm. -3 cm. 
The point group of the durene site is C .. 
l 
As the angle between a and c is not a right angle, the axes 
a, band c do not form an orthogonal set. It is often convenient to 
refer to an orthogonal set of axes, and therefore a new "crystallo-
graphic" axis c' is defined to be perpendicular tq.both a and b. The 
direction cosines (a, b, c') of the long (L) and short (M) molecular 
axes are: 
L = (0.655) o.750, o.097), 
and 
M = (-o.11s, -0.021, o.993). 
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The direction cosines of the normal (N) molecular axis were calculated 
from the condition that N must be orthogonal to both Land M giving: 
N = (0.747, -0.661, 0.075). 
The other molecule of the unit cell is related to the first by an 
a glide . In an EPR experiment, translational inequivalence is not 
directly observable. Therefore, the relationship observed between 
the two inequivalent sites is an ac mirror plane. Some useful data 
which can be calculated from the crystallographic results is shown in 
Table 3.1. 
3.5.2 Optical Crystallography and Morphology 
The optical crystallography and morphological data is taken from 
Winchell (1954) and is discussed in terms of the axis convention used 
to describe the X-ray data (see Section 3.5.1). The durene crystal 
is biaxial. The ac plane is the optic plane and the angle between 
the optic axes is 87.22°. There is a perfect cleavage along the ab 
plane. The cleavage, therefore, is near the LN plane of the durene 
molecule (see Section 3.5.1). 
Conoscopic examination ~nder crossed polarizers of a cleaved 
specimen, down the normal to the cleavage shows the normal pattern of 
isogyres. When the a axis (orb axis) is parallel to the polarization 
direction of either of the polarizers, then the pattern takes the form 
of a cross. The behaviour of the isogyres on rotation were used to 
determine the direction of the a axis (Hartshorne and Stewart 1960). 
Alternatively, it has been noted (Hutchison and Mangum 1961) that 
striations parallel to the b axis are visible on a freshly cleaved 
surface. Careful optical examination showed that many of the 
crystals, used in these experiments, contained elongated vacancies 
parallel to the b axis to within ±0.5°. 
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Table 3.1. Angles between selected pairs of axes for durene. L, M 
and N refer to molecular axes, a, b and c' are 
orthogonal crystallographic axes and a and 6 
distinguish between the two different durene sites. 
Axes Angle 
Ma to MS 2.4 
M to b 88.8 
La to MS 82.2 
N 
a 
to NS 83.0 
c' to N 85.8 
- 44 
All crystals studied were.subjected to examination under the 
optical polarizing microscope and the conoscope . In all cases it was 
found that any "abnormalities" seen under the polarizing microscope 
could be associated with some surface feature (either top or bottom) 
and that re-cleaving would change t he distribution of such 
"abnormalities" but again such that any new "abnormalities" could be 
associated with surface features. Also , in examination under the 
conoscope, a single distinct (th0 gh not necessarily perfect) set of 
isogyres was found. Any crystals (most exceptional) not meeting 
these conditions were rejected. 
3.6 Crystal Mounting and Variation of Sample Orientation in the 
Cavity 
Freshly cleaved crystals were glued to wedges with their 
cleavage faces flush with one of the faces of the wedge. The wedge 
was then mounted either on the perpendicularly cut end of a silica 
rod or on a teflon post with a variable inclination mounting 
platform. The platform is spring loaded and adjustment is by a 
sliding ball in slot mechanism behind the platform. Variations of 
inclination are read off a graduated micrometer ·head to an accuracy 
of approximately ±0.5°. The adhesive used i n these procedures was 
Apezion N high vacuum grease . 
The rod is held with its axis perpendicular to the magnetic 
field and is r otated about its axis by a device from which ·angles of 
rotat ion were read from a vernier dial to ±0.25° . When the silica 
rod is used, the system forms a one-axis goniometer allowing 
rotations of 360°. With the variable inclination device , the 
goniometer allows rotations of 360° about one axis and, when inserted 
into the variable temperature dewar and cavity , total rotations of 
l l, 
approximately 10° about a perpendicular axis . A three axis version 
of t his device has been described by Batley et al (1972). It is 
possible, using thE two axis goniometer, to demonstrate whether or 
not the field is aligned with one of the fine structure axes, since 
the variation of the field w.r.t. rotation about each axis should 
show a turning point (see Section 2.1.3). 
The wedges used were of two basic kinds. One set of wedges, 
three in all, were designed to allow rotation of - he sample about 
each of the molecular axes of one of the durene sites. They are 
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similar to those used by Hutchison and Mangum (1961), and have lines 
ruled on the mounting surface to indicate the direction the b 
crys tallographic axis of durene should have for the wedge to produce 
the desired result. It was anticipated, that substitution of the 
guest into the durene site would be such that the plane of the guest 
lay in the plane of the displaced durene molecule but that the in-
plane (x and y) fine structure axes may not be parallel to the 
durene axes. Therefore, if the crystal is mounted on the wedge 
designed for rotation about the N axis, the x and y axes should lie 
in or near the rotat ion plane. And, alignment of the z axis with the 
magneti c field should be possible if either of the two remaining wedges is 
used. The other set consists of plain wedges cut such that their 
angles covered the range from 10° to 90° at 10° intervals . They 
allow features related by the ac mirror plane to be brought 
simultaneously into the plane of rotation . The accuracy to which the 
wedges were cut and the lines ruled on their surfaces was ±0.05°. 
Often it was desirable to alter the position of the crystal on 
. the wedge, so that by a process of trial and error , one , or even two, 
of the fine structure axes might be bought more nearly into the 
rotation plane . 
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3.7 Experimental Determination of the Direction of the c' axis 
For part of this work it is necessary to know the orientation of 
one of the crystallographic directions. The one chosen was the normal 
to the ab plane - that is, the c' axis. By mounting a small crystal 
of corundum doped with approximately 2% Fe(III) on the ab cleavage 
plane, it is possible to al ign· the c' axis parallel to the magnetic 
f ield. 
The success of this experiment relies on the morphology of the 
particular crystals used and the EPR 
in corundum system. 
properties of the Fe(II I) 
These crys t als , which were obtained from Dr J. Ferguson 
(Research School of Chemistry , ANU) and were grown by Dr P . Fielding 
of the University of New England (Armidale), f orm as thin flat 
plates who se normal is the c crystallographic axis. Since Eis zero, 
the z fine structure axis, which is parallel to the c axis, is 
unique, and therefore the orientation of the c axis is readily and 
uniquely determined in an EPR experiment . The fine structure 
parameters of Fe(III) in corundum at 77°K (Bogle and Symmons 1959) 
-1 
are: g = 2. 003 ( 0 .001), D/hc = 0.1716 (0 . 0001) cm. , 
E/hc = 0.0, la/hcl = 0.0236 (0.0004) cm.-l and (a-F)/hc = 0.0337 
(0.0002) -1 cm. 
The X-ray data for durene (Table 3 . 1) shows that the c' axis 
lies at 4.3° to the durene molecular plane, and is at an angle of 
85.8° to the durene N axis. A crystal mounted on an N axis rotation 
wedge can be re-aligned by trial and error such that the c ' axis and 
one or both of the x and y axes of the guests lie in or near the plane 
of rotation. In that case it is possible to measure the angle 
between the c' axis and the fine structure axis concerned. 
3.8 Computing Facilities 
All computational tasks of any size were performed with the 
central processor of the ANU Co1puter Centre. Initially an 
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IBM 360/50 was sed; later work was done on a Univac 1108 which 
replaced the 360/50. For smaller tasks and on-line use, a PDP-8/S 
computer in this department was used. A general purpose interface , 
which includes analogue-to-digital and digital-to-ana ogue converters, 
linked the EPR spectrometer and chart recorders to the digital 
computer. The on line use was to collect l ine profile data and to 
simulate hyperfine spectra. The simulat ion ~r ogram was supplied by 
Digital Equipment Corporation User s Service (No. 8-238) and was 
written by Philip D. Morse, III and James S. Vincent. 
CHAPTER 4 
ORIENTATIONS OF THE FINE STRUCTURE AXES 
Emphasis is on the determination of the directions of the fine 
structure axes of 1,6-naphthyridine in du.rene-do and du.rene-d11+ 
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and of 1 ,7-naphthyridine in durene-d 1 i+ relative to the crystallo-
graphic axes. This information allOi.Js conclusions to be ~Yl(JJ.;.)n ahout 
the orientations of the irrpurity molecules in the durene lattice 
although this aspect is not fully dealt with until Chapter 7. 
Preliminary studies for qu·inazoline in du.rene-do and -d11+ a.re also 
reported and prove to be very interesting. 
-
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4.1 Anisotropy of the mixed crystal EPR spectrum 
Samples of durene and durene-d14 doped with quinazoline, 
1,6-naphthyridine and 1,7-naphthyridine were mounted on wedges to 
allow rotation in the LM plane of one of the durene sites (see 
Section 3.5.1) and then on a silica rod held in the angle measuring 
device (Section 3.6). When the rotation plane lies close to the LM 
plane of one site, then it also lies close to the MN plane of the 
other durene site (Section 3.5. 1 ). The anisotropy of the spectrum 
is due to the fine structure interactions. The variation of the 
magnetic field required for resonance as a function of rotation angle 
is expected to be similar to that observed for quinoline in durene 
and for isoquinoline in durene (Vincent and Maki 1965). A 
diagramatic representation of the durene lattice is shown in Figure 
7. 3. 
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4.1.1 1,6-naphthyridine rotation studies 
Plots of magnetic field as a funct i on of angle for 1 6 -, 
naphthyridine in durene and durene-d14 (Figure Lt.l) are almost 
identical. For a given angle, it is expected that a pair of allowed 
transitions should be observed approximately symmetrically displaced 
with respect to the free radical transition (near 3.2 kG ). The 
observation of four pairs of such transitions implies that there are 
at least four magnetically distinguishable molecules. Further, from 
the angular dependence, the four pairs can be divided into two sets, 
each of two pairs of transitions. For one set, the transitions 
corresponding to different molecules are nearly coincident and the 
angular dependence is of the type that might be expected for rotation 
in the NM plane of one of the durene sites. For the other, the 
angular dependence of each of the two different molecules is almost 
identical except that one pair is shifted by about 80° w.r.t. the 
other. The angular dependence of this set is of the type expected 
for rotation in the LM plane of one of the durene sites. Therefore, 
1,6-naphthyridine has two magnetically distinguishable substitutions 
in each durene site. The diagram shows that the two molecules have 
their z fine structure axes parallel or nearly parallel (within 
±10°), and their x (and y) fine structure axes are rotated by 
about 80° from one another. Also, their z axes are within ±10° 
of being parallel to the N axis of the durene site concerned. More 
accurate results are presented in Section 4.2. 
The shift of the x axes, of the molecules in the same site, 
relative to each other, could be due either to a rotation of the fine 
structure axes relative to the molecular axes of the guest, or a 
rotat ion of the guest molecular axes relative to the molecular axes 
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Figure 4 . 1 . Magnetic fields at which the electron S:)lD transitio~s 
occur as a function of rotation angle in a plane near 
the molecular plane of one of the durene sites for 
1 , 6- naphthyridine in durene - do . 
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of the durene site. The assignment of the two dimensional turning 
points to the fine structure axes (three dimensional turning points), 
marked near them in Figure 4.1, has been experimentally verified 
using the two axis goniometer (see Section 3.6). The intensities of 
transitions corresponding to the two different impurity molecules in 
the same host site are very nearly equal. 
The phosphorescence spectrum of 1,6-naphthyridine in durene does 
not show any evidence of two impurity sites (Fischer 1972). The 
phosphorescence spectrum of a sample of 1,6-naphthyridine 
in durene-d14 taken from the same boule as those used in the EPR 
experiments , did not show the presence of two impurity sites (Fischer 
1972) . This is somewhat unexpect ed and is discussed further in 
Section 4.3. However, the phosphorescence spectrum taken from 
crystals of l,6-naphthyridine-d5 in durene~d14 , also grown by the 
author (Section 3.4.1) does show the possibility of two impurity 
sites with a very weak origin 
(0 ) 0 6 -1 strong one . 1 at 2 + cm. 
at 21919 -1 cm. 
( Fischer 1972). 
and a very 
The absorption 
spectrum of 1,6-naphthyridine in durene (Jordan 1970) is very 
broad so that if any features due to impurity sites were present they 
would not be distinguishable. 
4.1.2 1,7-naphthyridine rotation studies 
The angular dependence of the magnetic field for 1,7-naphthyridine 
in durene-d 14 (Figure 4.2) is very similar to that obtained for 
1 ,6-naphthyridine (above), with two magnetically distinguishable 
molecules corresponding to each durene site. They are different in 
that the angle between the x axes of the two impurity molecules 
(i . e . the two impurity "sites") in a given host site is 45°±10° and 
the intensity of transitions corresponding to the two different 
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Figure 4 . 2 . agnetic fields at which t e electron spin tra~sit~o~s 
occur as a function of rotation angle in a pane near 
the molecular plane of one of the durene sites for 
1,7- naphthyridine in durene-d14 . 
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molecules is quite different (a ratio of approximately 3 to 1 ). 
The diagram indicates which transitions are the stronger. The z 
axes of the two impurity sites are nearly parallel to each other 
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(±5°) and to the N axis of the durene site (±10°) . Again, the 
assignment of the turning points in Figure 4.2 has been experimentally 
verified. 
There is no emission spectrum available for 1,7-naphthyridine 
in durene. The absorption spectrum has been studied (Jordan 1970) 
but is very broad and does not allow comment on the possibility of 
impurity site origins. The absorption spectrum of 1,7-naphthyridine 
in naphthalene, however, does show two possible site origins (Jordan 
1970). 
4.1.3 Quinazoline rotation studies 
The diagrams for quinazoline in durene-do (Figure 4.3) and in 
durene-d14 are identical. They are similar to the two previous 
cases but show at least four impurity substitutions in each host 
site. In each host site, there are two groups of two molecules each 
and the z axes of the members of a given group are very nearly 
parallel (±3°) , while the z axes of molecules of different groups 
are separated by an angle of 10°±5° . The xy rotation patterns 
show two pairs of lines about 10° apart with another two pairs of 
lines nearly 30° away. A possible interpr etation is that molecules 
whose z axes are 10° apart also have their x or y axes 
shifted by 10° . And, molecules whose z axes are parallel, have 
their axes shifted by 30° in the molecular plane. 
No detailed experiments to determine the fine and hyperfine 
structure parameters were undertaken for this molecule. 
The optical spectroscopy of quinazoline in durene, both in 
absorption and emission has been studied (Jordan 1970, Jordan and 
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Figure 4 . 3. agnetic field at which the ele ctron spin transitio~s 
occur as a function of rotation angle in a plane near 
the molecular plane of one of the durene sites for 
quinazoline in durene-do . 
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Ross 1972). The absorption spectrum shows two impurity site 
origins separated by 304 
-1 
cm. with at 27102 
-1 
cm. 
being by far the stronger. The origin (0) in emission is at 
22031 -1 cm. 
0 + 205 cm. 
with a possible impurity site origin ( 0' ) 
-1 
whose intensity is one seventh that of 
4.2 Orientation of the fine structure axes 
at 
0 • 
To accurately determine the orientation of the fine structure 
axes of a given molecule relative to the crystallographic axes, two 
types of measurement were performed. 
The first type of experiment was to determine the angle between 
the c' axis and the fine structure axes of the 1,6-naphthyridine 
molecules. To do this, a small flat crystal of corundum doped with 
Fe(III) was mounted on the cleavage of the crystal. This in turn 
was mounted on the two-axis goniometer, using a wedge which allows 
both the fine structure axis in question, and the z fine structure 
axis of Fe(III) , to be brought simultaneously into the rotation 
plane by trial and error (see Sections 3.6 and 3.7). Since the c' 
axis of durene is normal to the cleavage plane and since the z fine 
structure axis of Fe(III) is normal to the plane of the corundum 
crystal (see Sections 3.5 and 3.7), then the angle between c' and 
the fine structure axis (p) , of the triplet state molecule, is 
equal to the angle between the z axis of Fe(III) and the p fine 
structure axis. The direction cosine relative to the c' axis (c') p 
is equal to the cosine of this angle. Where several such angles were 
being measured in turn, the crystal was re-aligned each time and the 
angles measured in a consistent direction; this is important in 
determining the relative signs of the direction cosines. 
--
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The second type of measurement was between the corresponding 
fine structure axes (p and p' ) of two molecules related by the 
crystal symmetry . Since translational inequivalence is not 
observable in EPR experiments, the fine structure axes of two such 
molecules are related by an ac' mirror plane (see Section 3.5.1). 
Measurement of the angle, bisected by the ac' plane, between two 
such axes allows determination of their direction cosines relative 
to the b . axis. This type of measurement was not done for the y 
axes, for the following reason. The behaviour of the magnetic field 
as a function of angle is a saddle point. And consequently, the 
positions of the turning points are not easily determined by rotation 
w.r.t. two mutually perpendicular axes, unless two fine structure 
axes lie in or near the rotation plane, which is not so in this case 
(but is so for measurements of the direction cosines w.r.t. c' ). 
Once a crystal has been mounted such that the two fine structure 
axes concerned lie as near as possible to the rotation plane, then 
the next step is to accurately find the positions of the turning 
points in the rotation plane which correspond to the two fine 
structure axes. This was done by assuming that the magnetic field 
IHI over a small angular range near the turning point is proportional 
to some function of the angle and fitting this function to the 
observed results by a least-squares fit. The functions used were: 
IHI = ao + a1.cos[2(8-8o)J 
where ao and a1 are constants, 8 is the rotation angle and 80 
is the rotation angle at the turning point, and: 
IHI = 
l+b(S-8 0) 2 
a 
where a and b are constants and 8 and 80 are as before. Both 
methods give very similar results. The final values taken for the 
angle between the two fine structure axes and its standard deviation 
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were determined from several such measurements. 
The direction cosine w.r.t . the a axis was determined from 
b and c' by the relationship: p p 
a 2 + b 2 + c' 2 - 1 . p p p 
The direction cosine w.r.t. b was not measured for the y-axes and 
their a and b direction cosines were determined by requiring that 
they should be perpendicular or nearly perpendicular to the 
corresponding x and z axes (Appendix 2). Because of the method 
used to obtain these values, it is difficult to obtain estimates of 
their errors. Consequently these have not been calculated (see 
Tables 4.2, 4.4, 4.6). 
The errors involved in mounting the corundum crystal on the 
durene cleavage, and in mounting the durene crystals on the wedge-
goniometer system were randomized by frequent re-mounting. 
4.2.l 1,6-naphthyridine in durene-do 
It was mentioned in Section 4.1.1 that the intensities of the 
corresponding transitions for the two molecules of the same durene 
site are nearly equal. Careful examination shows that they are in 
fact slightly different and the ratio of the more intense signal to 
the less intense signal, assuming that their line widths are equal, 
is equal to 1.8(0.3) . This ratio was determined from the high and 
low field allowed transitions when the x and y fine structure 
axes were parallel to the magnetic field. It is convenient to denote 
the molecule, whose transitions are stronger than the corresponding 
transitions of the other molecule, by S (stronger) and the other 
molecule by W (weaker). 
It has also been noted (Section 4.1.1) that the z axes of the 
two molecules in the same durene site are parallel or nearly parallel. 
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They are, however, not quite parallel as shown by the experiment now 
described. 
A crystal was mounted to allow rotation in or near the durene 
LN plane. The position of the crystal in the cavity was then 
adjusted such that the z fine structure axes of the two molecules 
in the same durene site lay simultaneously parallel to the magnetic 
field; for, as one could tell , this could be the case. However, 
when the crystal was rotated about the vertical axis, the two formerly 
overlapping lines separated in a way which suggested that the two 
z fine structure axes were not quite parallel . It was clear that 
the behaviour of the two lines was such that they did not show 
rotational symmetry about the same point as would have been the case 
if the z fine structure axes were in fact parallel. It was also 
clear that the angle between the two z fine structure axes was 
quite small and that because of this, the turning points corresponding 
to the two fine structure axes could not be aligned independently with 
the magnetic field. 
In another experiment, the crystal was mounted to allow rotation 
about the vertical axis in or near the plane containing the z axes 
of the two molecules related by crystal symmetry. It follows then 
that the z axes of the other symmetry related molecules lay near 
the rotation plane also. The alignment of the two axis goniometer 
was adjusted such that, as far as one could tell, the z axes of the 
two molecules in the same site lay simultaneously parallel to the 
magnetic field. On rotation about the vertical axis, the two lines 
corresponding to the two different molecules in the same site did not 
separate but remained overlapped as they were after the initial 
alignment. This demonstrates that the two molecules in the same host 
site have the same direction cosines w.r. t. the b axis, and that 
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the misalignment of the two z axes is by a small rotation about an 
axis lying nearly parallel to the durene L axis. 
The measurements of the angle between the z axis of Fe(III) 
and the near coincident z axes of 1,6-naphthyridine were obtaineq 
as follows. A .crystal mounted on an LM wedge was aligned assuming 
initially that the z axes were coincident. The line shape was 
then recorded as a function of angle about the near coincident 
turning points. From these, estimates of the positions of the line 
centres as a function of angle were made by eye. The turning points 
in the rotational plane were obtained by the curve fitting procedure 
described above and were taken as estimates of the position of the 
three dimensional turning points corresponding to the z axes. 
The angles tabulated in Table 4.1 and the direction cosines of 
Table 4.2 calculated from them were obtained from measurements 
performed on a total of 12 different samples taken from 2 
different boules. 
The direction . the angle between X and cosines give s 
-36°(3°) 
' 
between X and L to be 35°(3°) , between z 
w s 
L to 
and 
to be 10(20) 
' 
between z and N to be ooc20) and between 
w 
and Z to be 2°(4°) . The standard deviations are determined 
w 
assuming that the errors in the X-ray determination of the 
orientations of the molecular axes are negligiLle. 
These results were preliminary to the much more accurate 
results obtained for the system 1,6-naphthyridine in durene-d14 
presented in the next section. 
be 
N 
z 
s 
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Table 4.1. Measurements of the fine structure axes relative to the 
host crystallographic c' axis and measurements between 
the symmetry related axes for 1,6-naphthyridine in 
durene-do . 
Average Angle Standard Number of 
Axes between axes Deviation Measurements (degrees) (degrees) 
c' to X 56 2 9 
s 
c' to X 50 2 6 
w 
c' to ys 35 3 8 
c' to yw 41 2 11 
xsa to xsB 74 2 
5 
X 
wa 
to xwS 67 3 
7 
ZCl to Zs 82 1 5 
c' to z 86 l 2 
s 
c' to z 85 3 2 
w 
Table 4.2. Direction cosines for 1,6-naphthyridine in durene-do 
with respect to the durene crystallographic axes. The 
subscripts S and W are described in the text (Section 
4.2.1), and a and S refer to the two translationally 
inequivalent durene sites. Where the standard deviations 
have been calculated, they are given in parentheses after 
the value to which they refer. 
Axis a b c' 
X 0.567(0.036) 0 .600(0.013) -0.564(0.034) 
s 
ys 0.316 0.473 0.822(0.032) 
z 0.750(0.008) -0.657(0.007) 0 . 075(0 .050) 
s 
X 0.525(0.047) 0.550(0.018) 0 . 650(0 .034) 
w 
yw -0.506 -0.412 0.758(0 .026) 
z 0.749(0.009) -0.657(0.007) 0 .083( 0.052) 
w 
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4.2.2 1 ,6 -naphthyridine in durene-d14 
Similar , but more accurate results to those for 1 6-, 
naphthyridine/durene were obtained. The greater accuracy is 
attributed to the use of more concentrated crystals (and hence 
stronger signals) and to an improvement in applying the techniques 
used in measuring the angles. The intensities of corresponding 
transitions were stronger for one molecule (S) , in a given durene 
site, than they were for the other (W) , the ratio being 1.3(0.3) 
to 1 . 
It was possible to demonstrate in a similar way to that described 
for 1,6-naphthyridine/durene-do , that the z axes of the two 
impurity sites have the same direction cosines with respect to b , 
and that the misalignment of the two z axes is by a small rotation 
about an axis lying nearly parallel to the durene L axis. The 
angle between the z axis of Fe(III) and the z axes of the 
1,6-naphthyridine impurities in durene were obtained assuming that 
the z axes of the two molecules in the same host site were 
coincident. 
The angles so measured are given in Table 4.3 and the direction 
cosines calculated from them are shown in Table 4.4. These results 
give the angle between X 
s 
and L as - 40.5(0.7°) , between 
L as 34.7°(1.3°) and between z and N as 0.9°(2.0°) . 
All of these results were obtained from three different 
crystals taken from the same boule. 
4.2.3 1,7-naphthyridine in durene-d 14 
X 
w 
The intensities of corresponding transitions for the two mole-
cules of the same durene site are in the ratio of 4.4(1.5) to 1. 
Again the distinctions S and W are used. There was no evidence 
to suggest that the z axes of the two impurity molecules are not 
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Table 4.3. Measurements of the fine struct re axes relative to the 
host crystallographic c' axis and measurements between 
the synnnetry related axes for 1,6-naphthyridine in 
durene-d14 . 
Average Angle Standard Number of 
Axes between axes Deviation Measurements (degrees) (degrees) 
c ' to X 55.0 0 . 8 5 
s 
c' to X 49.9 0.5 5 
w 
c' to ys 35.0 0.6 5 
c' to Yw 40.1 0.7 5 
xs a to xsS 72.7 0 . 6 3 
X 
wa 
to xwS 64 .3 1.2 5 
za to Zs 83.1 0 . 3 5 
c' to z 83.8 1 . 0 3 
s 
c' to z 83 . 8 1 . 0 3 
w 
Table 4.4 . Direction cosines for 1,6-naphthyridine in durene-d14 
with respect to the durene crystallographic axes. The 
subscripts S and W are described in the text (Section 
4 .2.1 ), and a and S refer to the two translationally 
inequivalent durene sties . Where the standard deviations 
have been calculated, they are given in parentheses after 
the value to which they refer. 
Axis a b c' 
X 
s 
0 . 566(0.012) 0.593(0.003) - 0.573(0.011) 
ys 0 . 388 0.422 0 .820(0.006) 
z 0.7L11(0.003) -0 . 663(0 . 002) 0.108(0.017) 
s 
X 0 . 550(0.017) 0 . 532(0.009) 0 . 644(0.007) 
" 
y" -0. 71 -0.439 0.765(0.008) 
z 0 . 741(0 . 003) 0 . 663(0 . 002) 0 . 108(0 . 017) 
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parallel. However, because cf the large intensity ratio, the effects 
of any such misalignment would be more difficult o detect than in 
the previous cases . It was possible to demonstrate in a similar way 
to that described for 1 ,6-naphthyridine / durene, that the z axes of 
the two impurity sites have the same direction cosines with respect 
to b and that the misalignment of the two z axes is by a small 
rotation abou an axis lying nearly parallel to the durene L 
axis 
Some difficulty was experienced in locating the turning points 
corresponding to the x 
w 
axes. When the crystal is oriented along 
the X 
w 
axis, the fields at which the two allowed transitions of the 
w molecule occur, and the fields at which the two allowed transit-
ions of the S molecule of the other host site occur, are found to 
be coincident (Figure 4 c2). Although the unwanted transitions are 
very much stronger, an apparent improvement in the relative intensity 
of the desired transitions can be accomplished by decreasing the 
amplitude of the 100 KHz modulation as much as possible. Since the 
unwanted transitions happen to be broad unresolved lines (no 
hyperfine structure), while the others consist of a number of very 
sharp hyperfine lines, the effect is that the latter become much more 
prominent. 
The angle between the z axis of Fe(III) and the z axes of 
the impurity molecules were not measured and the direction cosines 
were calculated from the condition that the x and z axes for a 
given species should be orthogonal . The results for 1,7-naphthy-
ridine in durene-d14 are shown in Tables 4.5 and 4- 6, and were all 
obtained from the same sample. 
The calculations using these direction cosines give the angles 
from X to L as -19.3°(1.9°) , X to L as 17.8°(--) , z to 
s w s 
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Table 4o5. Measurements of he fine structure axes relative to the 
host crystallographic c' axis and measurements between 
the symmetry related axes for 1,7-naphthyridine in 
durene-d 1 .. 
Average Angle Standard Number of 
Axes be-rween axes Deviation Measurements (degrees) (degrees) 
c' to X 76 c4 0 , 9 3 
s 
c' to X 66.7 l 
c' to ys 13.3 Oo7 3 
c' to yljj 22.7 1 
X 
sa 
to x ~d3 91.0 Oo9 
4 
X to X s 89 .2 l wa 
z to ZS 84 , 1 0 ~3 3 a 
Table 4.6. Direction cosines for 1,7-naphthyridine in durene-d 14 
with respect to the durene crys allographic axes. The 
subscripts S and W are described in he text (Section 
4.2.1) , and a and S refer to the two translationally 
inequivalent durene sites . Where the standard deviations 
have been calculated, they are given in parentheses after 
the value to which they refer . 
Axis a b c' 
X 0 0660(0 . 008) Oe713(0 c006) -0 . 235(0 . 015) 
s 
ys 0 151 0 . 172 0.973(0.003) 
z Oc74l -0 . 6 70(0.006) 0 048 
s 
X 0 . 59 0 . 702 I 0.396 
yw -0 ... 238 -0 . 305 0 . 922 
z 0.737 -0 ~670(0 . 006) 0 . 086 
w I I 
N as 0.1°(--) and z to N as 1.0°(--) . 
~ 
The use of (--) 
after a quantity signifies that its standard deviation has not been 
calculated . 
4 . 3 Summary and discussion 
For all the systems reported here, the z axes of the 
impurities are very nearly parallel to the N axis of the durene 
site. So that, the molecular planes of the impurities and of the 
host molecules they replace are coincident. For 1,6-naphthyridine 
in durene-do and durene-d14 , the z axes of the two impurity 
66 
sites are not quite parallel but are shifted with respect to each 
other by a rotation of 1.9°(0 . 5°) (see Section 5.1.2) about the L 
axis of the durene site (Section 7.l c3). Similar results have been 
obtained for 1,5-naphthyridine in durene-d1k (Vincent 1971 A and B) 
where the z axes of the two impurity sites are at an angle of 
1° - 2° to each other. Also there is evidence that the normals to 
the molecular planes of the two impurity sites observed in the nrr* 
optical absorption spectrum of quinazoline in durene-do at 4.2°K, 
are at an angle of about 5° (Jordan and Ross 1972)~ 
The angles between the X 
s 
and x 
w 
axes and the durene L 
axis, for 1,7-naphthyridine in durene-d1 are approximately equal, 
their values being 19 3°(1.9°) and 17 . 8°(--) respectively. The 
results obtained for 1,6-naphthyridine in durene-do and durene-d 14 
are in general quite similar. The most notable difference is that 
the angle between X 
s 
L is 36°(3°) for durene-do and 
40.5°(0.7°) for durene-d14 . For 1,6-naphthyridine in durene-d14 
the angle between X and L . is 34.7°(1.3°) . So that the angles 
between the two x axes and L are not equal. It must be 
emphasised, however, that errors i n the X-ray data, which might be 
• I. 
of the order of 1° , have not been included Secondly, the X-ray 
structure was obtained at room temperature, while these experiments 
were performed at temperatures near 97°K . However, the effects 
of this temperature difference are expected to be small (see 
Section 7 .1 ) There is a related molecule whose fine structure 
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axes are not equiangular to he L axis of durene, namely 
isoquinoline, in which the effect is even more pronounced. In this 
case the X fine structure axes form angles of 38°(2°) and 
- 12°(2°) with the durene L axis (Vincent and Maki 1965). 
The phosphorescence spectrum of 1,6-naphthyridine in durene-d1 
does not show the presence of more than one impurity site whereas 
EPR studies of samples taken from the same boule show two such sites 
to be present . Two different impurity sites may however be observed 
for 1,6-naphthyridine-ds in durene-d , with origins in the 
phosphorescence spectrum at 
-1 21919 cm. (02) and 0 at 
-1 
cm. (much weaker than It is possible that the 
origins of ·the two impurity sites for 1,6-naphthyridine in 
durene-d 1 are coincident, or that the intensity of one is very 
much smaller than the other and is not observed for this reason. 
The results obtained here for quinazoline differ from the 
optical work of Jordan and Ross (1972) and the EPR work of 
Nishimura et al (1971) in that whereas these workers find two 
impurity molecules replacing each host molecule, the present work 
shows four impurity molecules in each host site. Jordan and Ross 
find that the off axis polarized bands due to the a" vibronic 
bands can be accounted for if the polarization directions are taken 
to be ~ (0.58) (0 . 3L±0.7M) respectively for the two impurity sites. 
That is the two polarization directions lie at ±67° to the durene 
-
.............. 
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long axiso Nishimura et al find w~ impuri t y sites whose x fine 
structure axes are ±18°(3°) from the L axis . All of these 
results are in basic agreement with each other except that the 
results reported here suggest tha t each of the i mpurity sites 
observed by other workers correspond to two different impurity sites. 
It is possible that these workers were unable to resolve the species 
whose i n-plane fines ructure axes are approximately 10° apart . 
The relative i n t ensities observed in EPR and optical studies 
of s i gnals from different impurity sites do not agree. The relative 
intensities obtained from optical absorption measurements should be 
a measure of he re la ive populations of he two sites. Those 
observed i n phosphorescence and EPR measurements may not however 
since the trapping efficiences of the different impurity sites may be 
different o It is no eworthy that the relative i ntensity of the two 
sites observed i n phosphorescence spectrum of quinazoline in durene 
(at 4 .2°K) is about 1/7 while the intens i t i es of the EPR signals 
for differen t impurity si es (at 97°K) are very nearly equal. The 
relative i n t ens ities observed in the phosphorescence are very similar 
to those observed in the absorp ion spectrum and suggest the 
trappi ng efficiences are in fact quite similar in the two observed 
impurity sites (Jordan and Ross 1972). 
A discus sion of the way in which these molecules substitute into 
the durene lattice is taken up in Sect ion 7,lo 3~ 
......... 
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CHAPTER 5 
FINE STRUCTURE PARAMETERS AND G-FACTORS 
Experimental determinations of the fine structure parameters for 
the mixed crystal sys tems 1,6-naphthyridine in durene-do 
and l ,7-naphthyridine in durene-d are reported The two 
different impurity substitutions in each system are shown to have 
different fine structure parameters . The z axes of the two impurity 
sites of 1,6-naphthyridine are not parallel and the angle between 
them is determinedG Fine st~cture parameters for a number of 
aza:naphthalenes in glasses are also reported Finally measurements 
of the lifetimes of the triplet states of the molecules studied in 
these systems are given. 
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5 . 1 Mixed crystal studies 
The fine structure parameters and the components of the g-
factors along the fine structure axes can be determined from the 
fields and frequencies a t which the two allowed transitions occur 
when the magnetic field is parallel to each of the fine structure 
axes (see Section 2.1.3). Alternatively, measurements with the 
magnetic field along only two of these axes will allow calculation of 
the fine structure parameters and the components of g along these 
axes. For 1,6-naphthyridine it is difficult to locate accurately 
the turning points where the z axes are parallel to H , so that 
determination of the components of g along these axes is difficult. 
The fine structure parameters are obtained from measurements along 
the more accessible x and y axes. 
For 1,7-naphthyridine in durene-d, the z axis turning points 
of the S and W molecules appear to be coincident. However if 
this is not the case then it will still be possible to locate the 
turning point corresponding to the S molecule but not the W mole-
cule since the re ative intensity of their signals is 4.4 to 1 
(Section 4.2 3). In view of the results obtained for 1 ,6-naphthy-
ridine, it seems unwise to assume that the z axes of the two mole-
cules are coincident. Therefore, in calculating the fine structure 
parameters and g-factors for the S 1,7-naphthyridine molecule data 
are taken from measurements along all three fine structure axes, 
while for the W molecule, measurements with the magnetic field 
along X and y only are used. The value of for the w 
molecule, therefore, remains undetermined . 
The turning points corresponding to the x and y fine 
structure axes were located as follows . A crystal was mounted on a 
............ 
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wedge (section 3.6) designed to allow rotation in the LM plane of 
one of the translationally inequivalent durene molecules. This 
ensured that the x and y axes of the two impurity molecules in 
the durene site concerned were in or near the rotation plane. At the 
same time , because of the crystallographic structure of durene, the 
z axes of the two molecules in the other durene site would also lie 
near the rotation plane. Any one of these axes cou d then be aligned 
parallel to the magnetic field with the two axis goniometer. 
For the system 1,6-naphthyridine i n durene, two experiments 
were performed with a view to obtaining measurements along the z 
axes and , at the same time, to obtain an estimate of the angle 
between the z axes of the two impurity sites . The method chosen 
was to record the spectra over a three dimensional grid near the two 
turning points. The spectra observed were due to two near coincident 
transition fields . The line centres as a function of orientation 
were obtained by fitting a sum of two first derivative Gaussian 
curves to the observed lines. This type of experiment was not done 
for 1 6-, or 1,7-naphthyridine in durene-d ,~ . 
The triplet states of these molecules are assumed to be planar 
so that one of the principal axes of the g and D tensors will be 
coincident and lie along the normal to this plane. However, there is 
no reason why the in-plane axes of the two tensors should coincide. 
It is possible then, that if the g-tensor is described relative to 
the axes of fine structure tensor, it may contain off diagonal 
elements. 
The possibility of off diagonal elements in g for 1,6-naphthy-
ridine in durene was investigated by studying the variation of the 
fields for which the transitions occured as a function of angle 
during rotation in the xy plane . A crystal was mounted on an LM 
............ 
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wedge and its alignment varied by trial and error until the xy 
plane of a given molecule was as near as possible to the rotation 
plane. Fields and frequencies at which the transitions occured for 
this molecule were recorded as a function of rotation angle. Using 
the Simplex method (Kowalik and Osbourne 1968) the value of gxy was 
obtained which gave a best fit to the observed angular dependence. 
Since the alignment of the xy plane cannot be perfect (but is with-
in ±5°) it was also necessary to allow the orientation to vary 
slightly . Unfortunately, attempts to determine the size of the 
off-diagonal terms did not prove successful, although they did verify 
the fact that such terms must be small. It has been shown however, 
that the presence of such terms will not have a significant effect on 
the fields at which transitions are observed when the magnetic field 
is parallel to one of the fine structure axes (Appendix 1). 
5.1 .l Fine structure parameters and g-factors 
The field and frequency values, used to calculate the fine 
structure parameters, were best estimates obtained from a number of 
measurements, taken in a way designed to randomize errors incurred 
in estimating the position of the centre of the line and in locating 
the turning point w. r ot the two rotational degrees of freedom. 
There is no reason why the two different substitutions , observed 
for 1,6-naphthyridine and 1,7-naph hyridine, should have the same 
fine structure parameters. Their interactions with the crystal field 
will be different, since the 2 impurity sites are not related by 
the site symmetry of durene, and in principle this means that diff-
ences in the fine structure parameters, of the order of those 
observed when a given molecule is studied in two different hosts 
(Table 5.12) may be observed . Such differences are in fact observed 
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5 . 1 .1.l 1,6-naphthyridine in durene-do 
For 1,6-naphthyridine in durene-d 0 only one experiment was 
performed in which measurements were along the x and y fine 
structure axes of both impurity molecules and ~he angles of these 
axes to the c' axis were obtained in the same experiment. In this 
s ame experiment the angles between the fine structure axes and the 
c ' axis were also measured, to allow the field measurements to be 
assigned to the S and W molecules. The angle measurements were 
necessary because the intensity of corresponding transitions for the 
S and W molecules in this system are nearly equal and cannot be 
assigned to the different types of molecule by eye. The best 
estimates of the fields obtained from these measurements are 
tabulated in Table 5.1 and the fine structure parameters and g-factors 
calculated from them are given in Table 5.2 0 
Mention has been made of measurements taken of the angle between 
the x fine structure axes of impurity molecules related by the 
crystal symmetry (Section 4.2). The assumption that the spin 
Hamiltonian parameters of these molecules should be the same was 
checked by measuring the fields at the turning points during two such 
experiments. In the first such experiment, the angle between the two 
x axes and the fields for resonance along these axes, for symmetry 
related molecules of one type (S or W) were measured. The crystal 
was then remounted to allow measurements of angle and fields for 
symmetry related molecules of the other type, in the second experiment. 
The fields so measured and the corresponding angles are shown in 
Table 5.3 The fields do show the expected result Measurements for 
symmetry related molecules are essentially equal while those for non-
symmetry related molecules are not . The fields fall into two groups 
and there is agreement with the measurements and assignments of 
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Table 5.l o Best es timates , obtained from a single experiment, of the 
fields for resonance with the magnetic field along the 
fines ructure axes of 1,6-naphthyridine in durene-do 
after normalizing to a frequency (V) such that hV is 
Axis 
X 
s 
z 
s 
X 
w 
z 
w 
-1 0 • 3 0 510 0 cm • : 
Low field transition 
( -1) SH/he tcm. 
0 .11392 
(0 . 00002) 
0.13425 
(0 000002) 
0 011421 
(0 . 00002) 
0 .13463 
(0 000002) 
Number of 
Measurements 
9 
9 
9 
9 
High field transition 
0 . 18714 
(O c00002) 
Ocl6465 
(0 000002) 
0.18704 
(0 . 00002) 
0.16442 
(0 000002) 
Number of 
Measurements 
9 
9 
9 
9 
Table 5 o 2 Fine structure parameters and g-factors for 1,6-naphthy-
ridine in durene-do at 97°K Q 
Parameter Molecule s Molecule w 
X/hc (cm . -l} ±0 . 04837 ±0.04811 
(0.00002) (0.00002) 
Y /h c ( cm • - l) ±0.01992 ±0.01953 
(0 . 00002) (0.00002) 
Z/hc (cm. -1 +O c06829 +0.06763 
(0.00004) (0.00004) 
gxx 2 . 0042 
2.0036 
(0.0003) (0.0003) 
gyy 2.0035 
2.0030 
(0 . 0003) (0.0003) 
gzz 2.002 ~·: 
2.002 ~·: 
(0 003) (0.003) 
D /h c ( cm • - l} ±o 10243 ±0.10145 
(0 . 00006) (0 .00006) 
E /h c ( cm . - l) . +0 "01422 +0.01429 
(0.00002) (0.00002) 
.,. See Section 5.1.2. 0 
.......... 
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TaI5le 5. 3 (a) Best estimates of the fie ds tor resonance with the 
magnetic field along the x fine structure axes of 
1.6-naphthyridine in durene-do after normalizing to 
Axis 
X 
sa. 
xsS 
xwa. 
xwS 
. -1 
a frequency such that hV is O 305100 cm. The 
subscripts a and S refer to the two translation-
ally inequivalent durene sites while S and W 
refer to the two types of impuri y substitution 
observed in a given durene site. 
High field transition 
. ( -1 SH/he cm. , 
0 . 1 39 8 
(0 . 00003) 
0 "11399 
(0 000002) 
0 11422 
(0 . 00003) 
0 11 19 
(0.00002) 
Number of 
Me as uremen s 
11 
6 
31 
6 
Low field transition 
( - 1 SH/he cm. J 
0"18713 
(0.00002) 
Ocl8710 
(0,00003) 
Ocl8696 
(0 , 00002) 
0"18699 
(0.00003) 
Number of 
Measurements 
6 
7 
27 
13 
Table 5.3 (b). Angle between fine structure axes related by the 
crystal symmetry obtained in the experiments 
performed to determine the fie ds in Table 5.3 (a). 
Axes 
and 
and 
Angle (degrees) 
71.4-c 3 
68.l 
_L 
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Table 5.1. 
Measurements were made along various x and y fine structure 
axes using other crystals. It was found that all of the measurements 
for a given type of turning point (e.g. high field x axis and so 
on) fell i nto two distinct sets. Bes estimates were obtained from 
this larger set of measurements by giving equal statistical weights 
to the results of each experiment. The values obtained in this way 
are shown in Table 5e4, and again there is good agreement with the 
values in Tables 5 land 5.3. The larger standard deviations 
obtained for these measurements are probably due to temperature 
variations. In a given experiment, temperature variations were less 
than 0.5° • However, the variation from one experiment to another 
could be as much as ±3° . It is well known that the fine structure 
parameters of aromatic hydrocarbons are temperature dependent. For 
naphthalene in biphenyl at 77°K, the variation of In-El/he with 
temperature is -13Xl0- 6cm -l °K-l (Brandon, Gerkin and Hutchison 
1962) and for chrysene-d12 in p-terphenyl-h 1~ at approximately 
77°K, the variations of ln[/hc and !El/he with temperature are 
-2.2x10-6 cm.-l °K-l and -1.1x10- 6 cm.-l °K-l respectively 
(Gerkin and Winer 1972) 
5.1.1.2 1,7-naphthyridine in durene-d14 
Measurements for 1,7-naphthyridine were obtained from one 
crystal and are tabulated in Table 5.5. The difficulties of finding 
the turning point corresponding to the x fine structure axis have 
already been mentioned (Section 4.2.3). The fine structure para-
meters calculated for 1,7-naphthyridine are given in Table 5.6. 
Again the fine structure parameters of the two impurity substitutions 
are different o 
....... 
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Table 5.4. Best estimates, obtained several samples and several 
experiments, of the fields for resonance wi th the 
magnetic field along the fine structure axes of 1,6-
naphthyridine in durene-do after normalizing to a 
Axis 
X 
s 
z 
s 
X 
w 
z 
w 
frequency (V) such that hV is 0-305100 cm.-l . 
Low field transition 
SH/he (cm. -l) 
0 . 11400 
(0 ~00005) 
0 013426 
(0 000006) 
0 011422 
(0.00004) 
0.13463 
(0.00001) 
Number of 
Experiments 
5 
8 
7 
2 
High field transition 
( -..L SH / he cm . J 
0 -18711 
(0.00002) 
0 . 16466 
(0 . 00004) 
Oel8698 
(O e00005) 
0 ~16455 
(0 . 00018) 
Number of 
Experiments 
10 
8 
7 
2 
Table 5.5. Fie lds for r esonance with the magnetic field along the 
fine structure axes of 1,7-naphthyridine in durene-d14 
after normalizing to a frequency (v) such that hv 
-1 is 0 . 305100 cm o . 
Low fi e ld transition High field transition 
77 
Axis ( -1 SH/he cm . Number of Measurements SH/he Cffi o 
-1) Number of 
Measurements 
X 0 011512 
s (0 . 00001) 
ys 0.13456 (0 . 00026) 
z 0.10196 
s (O e00003) 
X Oell72 
w (0 . 0006) 
Yw Oal3321 (0.00001) 
z 
.,. 
-" 
w 
* See Section 4 . 2.3. 
9 
18 
18 
18 
18 
0,18618 
(0 . 00001) 
0 016492 
(0 . 00002) 
0 , 20248 
(0,00003) 
0 . 1848 
(O s0006) 
0 016615 
(O c00004) 
.,. 
---
9 
18 
18 
18 
18 
---
.......... 
Table 5.6o Fine structure parameters and g-factors for 
1,7-naphthyridine in durene-d1 at 97°K: 
Parameter Molecule s 
X/h c ( cm e - l) ±0 004694 
(0 000001) 
Y /h c (cm. -l) ±0 002002 
(O e00022) 
Z/hc (cmo -l) +O e06701 
(0 . 00003) 
gxx 2 c0033 (O cOOOl) 
gyy 2 . 0026 (0 00018) 
gzz 2 00022 (0 ~0003) 
D /h c ( cm o - l) ±0 ~10052 
(0 000005) 
E/hc (cm. -l) +0 001346 
(0 . 00002) 
* See Section 4 . 2 . 3. 
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Molecule w 
±0. 0446 
(0.0007) 
±0.0213 
(0 . 0003) 
+0.0659 
(0.0010) 
1.998 
(0.006) 
2.0035 
(0.0003) 
.,. 
- " 
±0. 09 9 
(0.002) 
+0.0017 
(0.0005) 
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5.1.2 The near coincident z axes of 1 , 6-naphthyridine in durene-do 
It has been shown above that the z fine structure axes of the 
two distinguishable molecules in a gi ven durene si e are not quite 
parallel to each other . Therefore, the location of he turning 
points corresponding to each of these axes is difficult. The 
measurements are needed to estimate the component of the g factors 
of the two molecules along these axes and to determine the angle 
between them e 
The problem was approached by recording the first derivative 
absorption spectra, over a range of several degrees w~r.t. the two 
rotation axes, about he positions of the suspected turning points. 
In this way, the low field transitions for orientations near the 
suspected turning pains were studied in one experiment while the 
high field transitions were studied in another. 
The data from each experiment were analysed separately as 
follows. The heights at regular field intervals along the horizontal 
axis were measured and the information fed into a digital computer. 
The spectra were doubly in~egrated numerically (using Simpson's rule) 
to give the integrated intensity of the sum of the two absorption 
lines. 
The observed lines, which were known to be due to two over-
lapping lines, were best fitted by a sum of two first derivative 
Gaussian curves. Those spectra for which the two overlapping lines 
were well separated (their centres more than one line width apart) 
showed that the two lines had slightly different intensities but the 
same line widths (the peak-to-peak separation). Therefore, the two 
Gaussian components were given the same line width but different 
intensities. 
It was assumed that the line width did not vary appreciably over 
....... 
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the range of orientations involved, and that the line width of the 
generated lines was the average of the peak- o-peak distance taken 
from those spectra were the two components were well separated. The 
relative in ensi y of the two Gaussian lines was treated in two 
different ways. In one case, the relative intensity was assumed to 
be a constant for all orientations, while in the other it was allowed 
to vary . In bo h cases the positions of the two centres were allowed 
to vary until a best fit was obtained o The Simplex method was used 
to obtain the best fit, the criterion for which was that the sum of 
the squares of the differences between corresponding points on the 
calculated and observed curves should be a minimum. The results of 
the two methods were essentially the same and show that the relative 
intensity is constant over the angular range studied. This suggests 
that the line having the more intense transition is associated with 
one of the impurity molecules and that the weaker transition is 
associated with the other. The relative intensity used for calcul-
ations of the first type was the average value of the relative 
intensities of hose lines for which the two components were well 
separated . For the low field spec~ra, the relative intensity and 
line width obtained as described were 1 . 4 0 2) and 20 G respect-
ively, and for the high field spectra 1.3(0.l) and 21 G respect-
ively Comparison of line printer pots of the calculated and 
observed for the "well separated" lines showed that the Gaussian 
curve was a good approximation to the rue lineshape. 
In each experiment, spectra were recorded for a large number of 
orientations. Variation w.r.t the vertical rotation axis was over 
approximately a 20° range at 2° intervals. Variation w.r.t. 
the horizontal axis was performed after each rotation about the 
vertical axis and was over a range of 10° to 15° and approximately 
-
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ten such variations were performed in each case . 
For a given transition and a given orien ation this procedure 
yields an estimate for the positions of the centres of two component 
lines. 
It is further assumed that the stronger line for all orientat-
ions belongs to the same type of molecule and that the weaker line 
belongs to the other . This seems reasonab e in view of the fact that 
the intensity ratio appears to be constant over the range of 
orientations studied. Then, for each transition , there results a set 
of data of field positions for the stronger and weaker lines at 
various known orientations. 
For a given line type (stronger or weaker) and fixed position 
w.r.t the vertical rotation axis, the variation of the field with 
rotation about the horizontal axis was fitted by linear regression 
to a cosine function of twice the rotation angle . Errors in 
approxima ing the variation of the field w. r.t . angle in this way 
over a small angular range are negligible . This gives the field and 
position of the two dimensional turning points w.r.t. the 
horizontal axis at a series of fixed angles w.r.t. the vertical 
axis . The orientations of these turning points should be coplanar. 
Since the angular variation is small, there should be a 
linear relationship between the two rotation angles . So, by least 
squares fitting a straight line to a plot of one angle against the 
other , an estimate for the plane containing these orientations is 
obtained. The fields corresponding to these local turning points 
are assumed to correspond to orientations which are coplanar and at 
equal angular intervals . The variation of the field with orientation 
is approximated by a linear function of the cosine of twice the 
interval between them (Section 4 . 2) ~ This provides an estimate of 
...... 
........ 
-the position and field for the turning point in the least squares 
plane and hence of the turning point w.r.t 
degrees of freedom . 
the two rotational 
The field estimates allow calculation of the components of the 
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g factors along the two z axes and, from the relative positions of 
the turning points, the angle between the two z axes can be 
calculated - For the molecule whose transition intensity was 
stronger , the component of g along the z axis is found to be 
2.002(0.003) and for the molecule whose transition intensity was 
weaker 2 ~002(0 0003) . The value for the angle between the axes is 
the average of those obtained from the high and low field experiments 
and is 1 . 9°(0 05°) . 
5.2 Glasses 
In a preliminary study, the EPR spectra of a number of 
azanaphthalenes were recorded o For most samples it was possible to 
resolve a single line corresponding to the ~m = ±2 transitions and 
six lines corresponding to the ~m = ±1 transitions . 
The quanitty D* = (D 2 +3E 2 ) 112 may be obtained from the 
positions of the ~m = 2 transitions using the equation: 
(Note: 
n~·~ = fi[! (hv) 2 - (gSH 2]- 112 
min1 
·• 
' 
where H . is the minimum field 
min 
for the ~m = ±2 transition. H . is obtained from: 
min 
H • = Ho + 0 • 4 5 L:iH o 
min 
where L:iHo is the distance between the low-field first deri vative 
maximum and the first zero (Gondo and Maki 1968). The results are 
shown in Table 5~7. 
--
--
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Table 5, 7 . The value of n~·:;hc for a number of nigr ogen hetero-
cyclic molecules . In a 1 cases the solvent used was a 
mixture of diethylether, 3-me hylpentane and ethanol in 
the ratio 5:5:2 (see Sect i on 3 .~" l) . 
-1 
Compound SH . ( cm -l) hv r cm. n~·: / he (cm. -l) ) 
min 
Quinazoline 0.0711 0 . 30818 0.1024 
(0.0002) (0 . 00006) (0.0003) 
Quinoxaline 0.0738 Oe30811 0.1039 
(0 . 0002) (0 . 00006) (0.0003) 
1 , 5-naphthyridine 0 . 0695 0 . 30815 0.1149 
(0.0003) 0 . 0002) (0.00006) 
1,6-naphthyridine Oc0708 Oc30818 0.1043 
(0 00002) (0 . 00006) (0.0003) 
1,7-naphthyridine 0.0710 0 030811 0.1031 
(0 . 0002) (0 , 00006) (0.0003) 
Ph thalazine 0 . 0692 Oe30818 0.1165 
(O c0002) 0 . 00006) (0.0003) 
1,4,5-triazanaphthalene 0 0710 0 30818 0.1026 
Table 5. 8. 
System 
Ph thalazine 
in EMA 
Quinazoline 
in ethanol 
Quinoxaline 
in EMA 
(0.0002) (Os00006) (0.0003) 
f . ( -1 Resonance ields cm. ) for a number of nitrogen heterocyclic 
molecules as impurities in glasses at a microwave 
{ -1) frequency of 9.128 GHz thV - , 30446 cm, . 
0.0965 0.1098 
(0 . 0003) (0 . 0003) 
0 . 1319 
(0 , 0003) 
0 .1652 
(0.0003) 
0 . 1904 
(0 . 0003) 
0.2082 
(0.0003) 
0.1085 0.1134 0 . 1375 0 . 1611 0 . 1874 0.2002 
(0.0003) (0 . 0003) (0 . 0003) (0 00003 ) (0 0003) (0.0003) 
0 . 1032 0 . 1120 Ocl390 0 0159 5 0 1896 0.2009 
(O c0003) (0 . 0003) (0 . 0003) (0 . 0003) (0 . 0003) (0.0003) 
1,5-naphthy- 0 . 0979 0.1096 0.1348 
ridine in EMA (0.0013) (0 , 0013) (0 0013) 
1,6-naphthy-
ridine in 
ethanol 
0.1004 0 . 1124 0 1350 0 .1627 0.1886 0.2031 
(0 . 0003) (0.0003) (0 , 0003) (0 . 0003) ( 0, 0003) (0.0003) 
1,4,6-tri- 0 . 1051 0.1140 0.1303 0.1607 
• 
azanaphthalene(0 . 0013) (0 . 0013) (0 . 0013 ) (0 , 001 3) 
in EMA 
1, 7-naphthy-
ridine in 
ethanol 
0 . 1022 0 . 1172 0 . 1318 0.1671 0 . 1832 0 . 2016 
(0.0003) (0 . 0003) (0.0003) (0.0003) (0.0003) (0.0003) 
EMA is a mixture of die~hylether, 3-methly pent ane and ethanol in 
the ratio 5:5:2 . 
--
-
84 
The ~m = ±l transitions give the fine structure parameters by: 
!xi = (gS) 2 (H!2-H!1~/6hv 
with similar expressions for !YI and jzj a Hx2 and Hxl are the 
x-axes fields for resonance (Gondo and Maki 1968) 0 The fields for 
the ~m = 1 transitions are shown in Table 5 . 8 and the fine 
structure parameters calculated from them in table 5 . 9. 
5. 3 Lifetimes 
The lifetimes of the species studied above and conditions under 
which they were obtained are shown in Table SclO . The apparatus used 
has been described in Section 3 . 2. The lifetimes of the diazanaphth-
alenes reported here are all very similar while the lifetime of 
1 ,4 ,6-triazanaphthalene is considerably shorter ~ The lifetimes show 
changes due to solven effects and due to the presence of a magnetic 
field both of which are quite common. 
5 . 4 Discussion and summary of results 
The electron spin Hamiltonian parameters have now been deter-
mined for most of the l,x-diazanaphthalenes as impurities in 
durene (Table Soll). The parameters which have not been determined 
are the g-factors of quinazoline and all of the spin Hamiltonian 
parameters of cinnoline (1,2-diazanaphthalene). The parameters 
measured for these compounds are very similar to those of naphthalene, 
although in general the values of and 
~y 
tend to be slightly 
larger. This suggests that the effect of spin-orbit coupling on the 
spin Hamiltonian parameters of these compounds is quite small. 
The fine structure parameters obtained from glass and single 
Table 5 . 9. Fine structure parameters for a number of nitrogen heterocyclic molecules as impurities in glasses 
System ~~ ~.)(/he (cm. -l) Y/hc(cm. -l) Z /h C (Cm. - l) D /h c ( cm . - l) E/hc (cm. -l) 
Phthalazine in EMA ±0.0531 ±0 . 0218 +0.0746 ±0.1119 +0.0157 
(0.0003) (0.0003) (0.0003) (0.0004) (0.0003) 
Quinazoline in ethanol ±0.0489 ±0.0155 +0.0622 ±0.0933 +0.0167 
(0.0003) (0.0003) (0.0003) (0.0004) (0.0003) 
Quinoxaline in EMA ±0.0513 ±0.0134 +0.0652 ±0.0978 +0.0190 
(0.0003) (0.0003) (0.0003) (0.0004) (0.0003) 
1,6-naphthyridine in ethanol ±0 .0503 ±0.0181 +0.0682 ±0.1023 +0.0161 
(0.0003) (0.0003) (0.0003) (0.0004) (0.0003) 
1,7-naphthyridine in ethanol ±0.0435 ±0.0232 +0.0663 ±0.0995 +0.0102 
(0.0003) (0.0003) (0.0003) (0.0004) (0.0003) 
1,4,6-triazanaphthalene in EMA ±0.0567 
(0.0013) 
EMA is a misture of diethylether, 3-methlypentane and ethanol in the ratio 5 ;5:2 . 
co 
(.n 
Table 5 . 10 . Triplet state lifetimes of various mixed crystals and glasses at temperatures between 77°K and 
100°K . Meas urements using optical detection were done at zero magnetic field . The time constant of 
RC filter (see Section 3.2) was, in all cases, at least 1/10 of the triplet state lifetime. 
Compound Host Matrix 
Number of Temp ~': Magnetic Field Lifetime 
Measurements ( o K) or Wavelength (sec.) 
Quinazoline Ethanol l ~77 555 nm . 0. 5 3 
Quinazoline EMA 5 ~97 1511.8 gauss 0.66(0. 03) 
Quinazoline Ethanol 2 ~97 1490 gauss 0.63(0.04 ) 
Phthalazine EMA 3 ~97 1496 gauss 0.30(0.01) 
Phthalazine EMA 2 ~77 500 nm. 0.32(0.01) 
Quinoxaline EMA l ~77 510 nm . 0.25 
1,5-naphthyridine EMA 1 ~77 430 nm . 0.80 
1 ,6-naphthyridine EMA 4 ~97 495 nm . 0.51(0.05) 
1,6-naphthyridine EMA 2 ~97 1482 gauss 0.40(0.04) 
1,6-naphthyridine Ethanol l ~77 555 nm. 0.41 
1,6-naphthyridine Ethanol 2 ~97 1479 gauss 0.40(0.04 ) 
1,7-naphthyridine EMA 1 ~77 495 nm. 0.37 
1,7-naphthyridine EMA 3 ~97 1460 gauss 0.37(0.04 ) 
1,7-naphthyridine Ethanol 3 ~97 1492 gauss 0.44(0.02) 
1,4,5-triazanaphthalene EMA 3 ~77 495 nm. 0.09(0.03) 
Quinazoline Durene-do 5 ~97 3475.l gauss 0.51(0.02) 
1,6-naphthyridine CH//y 
s 
) Durene-d 0 3 ~9 7 3526 .9 gauss 0 . 37(0.01) 
1,6-naphthyridine Durene-d 14 3 ~97 3 6 5 7 . 2 gauss 0.29(0.01) 
EMA is a mixture of diethylether, 3-methylpentane and ethanol in the ratio 5.5:2 . 
·'· 
" Some of these measurements were done with the samples immersed in liquid nitr•ogen (77°K) . The remainder were 
done using the nitrogen flow device (Section 3.J.). In the latter case the temperature measured when the sample 
was replaced by a thermocouple was 97(1)°K. 
(X) 
CJ) 
Table 5.11. Fine structure parameters, g-factors and triplet state lifetimes of the l,x-diazanaphthalenes as 
impurities in durene single crystals. 
System D/hc(cm.-1 ) E/hc(cm.-1 ) gx g gz Lifetime(sec.) 
Quinoline in ±0.1030 +0.0162 2.0040 2.0029 2.0019 0. 80 
durene-do at 77°K 1 (0.0005) (0.0003) (0.0007) (0.0007) (0.0007) (0.02) 
Isoq uinoline in ±0.1004 +0.0117 2.003 2.003 2.003 0.95 
durene-do at 77 °K 1 (0.0005) (0.0003) (0.001) (0.001) (0.001) ( 0 .10 ) 
Quinoxaline in ±0.1007 +0.0182 2.0047 2.0035 2.0019 0.25 
durene-do at 77°K 2 (0.0003) (0.0002) (0.0005) (0.0005) (0.0005) (0.02) 
1,5-naphthyridine in 0.1030 -0.0167 2.0043 2. 00 35 2.0019 0.80 
3 (0.0008) (0.0007) (0.0005) (0.0005) (0.0005) (0.03) durene-d14 at 77°K 
Quinazoline in 0.10137 -0.01668 
durene at 4. 20 ~ 4 
1,5-naphthyridine in 0.106 -0.017 4 durene at 4.2°K 
1,8-naphthyridine in 0.11224 -0.01837 
4 durene at 4. 2° K 
1,8-naphthyridine in ±0.111 +0.018 2.0050 2.0030 2.0025 
durene at 80°K 5 (0.001) (0.007) (0.0005) (0.0005) (0.0005) 
1 Vincent and Maki 1965. 
2 Vincent and Maki 1963. 
3 Vincent 1971 A and B. 
4 Nishimura et al 1971. 
5 Nishimura and Vincent 1971. 
CD 
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crystal studies agree quite closely. Variations from one compound to 
another are generally larger than those due to solvent effects. All 
of the diazanaphthalenes of Table 5.7 have similar fine structure 
parameters. 
The differences between the fine structure parameters of the two 
different impurity substitutions observed for both 1,6-naphthyridine 
and 1,7-naphthyridine are not surprising. They are similar in size 
to the impurity effects mentioned above and to those observed when a 
given compound is studied in two different host matrices (Table 5.12) 
and to the effects observed for multipl e substitution in other 
systems (Table 5.13). This is to be expected of changes due to 
interactions between the guest and the host matrix. For 1 5-, 
naphthyridine in durene-do it has been shown that there are two 
impurity sites having different fine structure parameters (Nishimura 
et aZ 1971), although the fine structure parameters of the two 
impurity sites have not been determined. Fine structure parameters 
for different impurity substitutions in durene have not been reported, 
although, considering the results for 1,5-, 1,6- and 1,7-naphthy-
ridine they would be expected. Quinoxaline and 1,8-naphthyridine in 
durene show only one substitutional impurity. The spin Hamiltonian 
parameters of cinnoline have not been determined because of its short 
lifetime. However, in a preliminary EPR i nvestigation of cinnoline 
in durene, Vincent and Maki (1965) report that the lowest triplet 
state appears to be an nTI* state. Different fine structure 
parameters for different substitutional impurity sites have also been 
reported for chrysene-do and chrysene-d12 in single crystals of 
p-terphenyl-do , p-terphenyl-d14 and s-octahydroanthracene (Gerkin 
and Winer 1972), 1, 2; 5, 6-dibenzanthracene in p-terphenyl (Gerkin 
and Winer 1967) and triphenylene-d12 and triphenylene-do in 
s-octahydroanthracene (Gerkin and Szerenyi 1971). 
Table 5 -12 . Fine structure parameters and g-factors for naphthalene, phenanthrene and diphenylmethylene in 
different hosts. 
System D /he (cm . - l) E/h c (cm. - l) gxx gyy gzz 
Naphthalene/durene (77°K) 1 ' 2 +0.1003 -0.0137 2.00 30 2.0030 2.0029 
(0.0001) (0.0002) (0. 000 4) (0.0012) (0.0 004) 
Naphthalene/biphenyl (77° K) 1 ±0 . 09921 +0 . 01 548 
(0 . 0000 4) (0.00004) 
Phenanthrene/biphenyl (78° K) 3 ±0.100430 +0 .046576 2 . 0041 2.00279 2 . 00209 
(0 .000010) (0 . 000009) (---- --) (0. 00005) (0.00005) 
Phenanthrene/fluorene 4 ±0 .1005 +0.0 445 
(------) ( -- ----) 
Diphenylmethylene/benzophenone (77°K) 1 ±0 . 4051 +0.0192 2.00251 2.00452 2.00431 
(0.0002) (0.0001) (0.0005) (0.0 005) (0.0005) 
Diphenylmethylene/1,1-diphenylethylene (77°K) 1 ±0 .3964 +0.01492 2.0029 2.0021 2.0022 
(0.0002) (0.0009) (0 . 0008) (0.0002) (0.0007) 
1 Hutchison 196 7 . 
2 Hornig and Hyde 196 3. 
3 Brandon, Gerkin and Hutchison 1964. 
4 Hutchison 1963. 
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Table 5.13 (a). Fine structure parameters for the two impurity 
molecules of chrysene-d 12 in s-octahydroanthracene 
at I\.J77°K (Gerkin and Winer 19 72). 
Impurity Molecule 
1 
2 
I D I /h c (cm. - l) 
0.093163 
0.091778 
0.024458 
0.023353 
Table 5.13 (b). Fine structure parameters for the impurity 
molecules of chrysene-d12 in p-terphenyl-d14 at 
I\.J77°K (Gerkin and Winer 1972). 
Impurity Molecule I D I /h c ( cm . - l) 
1 0.090043 0.026963 
2 0.090662 0.026313 
3 0.089890 0.027000 
4 0.089541 0.027098 
5 0 .089411 0.026722 
6 0.089258 0.026439 
7 0.089456 0.026157 
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CHAPTER 6 
HYPERFINE STRUCTURE 
The hyperfine structure for 1,6-naphthyridine in durene-do and 
durene -d 14 , 1,6-naphthryidine-ds in durene-d14 and 
1,7-naphthyridine in durene-d 14 is presented. For 
1,6-naphthyridine, the spin density on one of the nitrogen atoms is 
determined. A partial analysis which describes the hyperfine of 
1,6-naphthyridine and 1,7-naphthyridine, each in terms of an 
approximate set of TI-electron spin densities and a value for the 
angle between the x fine structure axis and the L axis of the 
molecule concerned, is presented. 
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6.1 Information and complications from hyperfine. 
The hyperfine structure is determined by the spin densities on 
the ring atoms and the orientation of the magnetic field with respect 
to the principal axes of the tensor of each of these atoms, (see 
Section 2.2.2), that is, upon the molecular geometry. If t he mole-
cular geometry is assumed (for example, in this case, to be two 
regular hexagons), then it should be possible to determine, from the 
hyperfine structure, the spin densi t ies and t he orientation of the 
molecular axes with respect to the crystallographic or fine structure 
axes. A complete analysis of the hyper1fine of 1 ,6- and 1 7-, 
naphthyridine has not as yet been possible. A partial analysis is 
presented in Sect ion 6.6 and is based on an interpretation of the 
hyperfine structure observed for the high field electron spin 
trans itions of 1,6-naphthyridine and 1,7-naphthyridine in durene-d14 
with H//X and y. Additional information, obtained from the 
hyperfine structure of the high field electron spin transition of 
1,6-naphthyridine-ds in durene-d14 with H//Z , allows determination 
of the spin density on one of the N14 atoms. From the analysis, a 
set of approximate spin densities and a value for the angle between 
the x fine structure axis and the L molecular axis are obtained 
for 1 6-, 1,7-naphthyridine. 
The splitting due to a given nucleus as a function of orientation 
passes through a turning point . By recording the hyperfine as a 
function of orientation, it should be possible to determine the 
orientation of the hyperfine tensor of the different nuclei. When 
the field was along or near a fine structure axis, well resolved 
hyperfine spectra were obtained. For other orientations, the 
resolution was quite poor and in a number of cases, the spectra were 
asymmetric. For the other orientations, the magnetic field for 
......... 
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resonance varies quite rapidly with changes in orientation. So that 
small mis-orientations of the impurities, due for example to 
defects, will cause inhomogeneous broadening of the hyperfine 
structure. Such effects or very subtle impurity site changes may 
cause the observed asymmetry. 
It has been shown in Section 2.2.2, that when the magnetic field 
is not parallel to a principal hyperfine tensor axis of a given 
nucleus, the splittings due to that nucleus differ for the two 
allowed electron spin transitions. So by recording the hyperfine 
spectra of these two transitions, it should be possible to obtain 
some information about the molecular orientation. A large difference 
between the splittings due to nucleus . J for the two transitions 
will be observed if the angle between the directions of the vectors 
l p. (S ).A . and ±gJ. SNH should approach 45° (Section 2. 2. 4), where 
• i i] 
l 
i is summed over all atoms of the ring. The probability of a 
6m. - ±1 ("forbidden") transition occuring is proportional to sin 2 ¢ 
J 
where ¢ is the angle between L p.S.A .. 
. i i] 
i 
(Section 2.2.3). So that as the angle ¢ + 90° , the intensity of 
these transitions increases. Under these circumstances, the 
interpretation of the spectra becomes extremely difficult. In 
particular, it is likely that if different splittings are observed in 
the high and low field electron spin transitions, then there will be 
significant intensity in the forbidden nuclear transitions of at least 
one of the electron spin transitions. The reason for this behaviour 
is that the nuclear spin sub-levels of the two electron spin states 
are referred to different basis sets (see Section 2.2.4). The 
splittings and transition probabilities for 1 , 6-naphthyridine 
assuming a reasonable set of spin densities (Table 6.5), for the high 
--
-
field and low field ~m = ±1 electron spin transitions at X-band 
s 
frequencies with H//X and y were calculated as a function of 8 
For the low field transitions with H//X or Y the calculation 
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showed that the transition probability of the 6m. = ±1 
J 
transitions 
could be comparable or even greater than those of the 6m. = 0 J 
transitions. In such cases the descriptions "allowed" and 
"forbidden" can no longer be used to distinguish between the 6m. = O J 
and 6m. - ±1 transitions respectively. Interpretation of the 
J 
hyperfine structure in these c~ses will be very difficult. For the 
high field 6m = ±1 transitions with 
s 
H//X 
show that the transition probabilities of the 
or y the calculations 
6m. = ±1 are much 
J 
smaller than those of the ~m. = 0 transitions for all values of 
J 
e . The ratio of the probabilities of the 6m. = ±1 transitions to 
J 
the probabilities of the 6m. = 0 
J 
transitions is < 0.03 . In these 
cases the terms "allowed" and "forbidden" may be applied to the 
6m. = 0 and 6m. = ±1 transitions respectively. Finally, it is 
J J 
noted that if ¢ = 0 then the 6m. = 0 transition are allowed while 
J 
the 6m . - ±1 transitions are strictly forbidden. 
J 
6.2 Previous studies on similar compounds. 
Here investigations of naphthalene, quinoxaline and 1,5-
naphthyridine in durene are particularly relevant. 
The spin densit ies on the ring carbon atoms of naphthalene 
(Table 6.1 (a)) and the components of the isotropic and anisotropic 
components of the hyperfine tensor describing the interaction between 
a proton and the spin density on the carbon atom to which it is 
bonded (Table 6.1 (b)), were determined from the hyperfine structure 
---
-Table 6.1 (a). Experimentally determined spin densities for the 
lowest excited triplet states of naphthalene, 
quinoxaline and 1,5-naphthyridine: 
Atom Position Naphthalene 1 Quinoxaline 2 1,5-naphthyridine 
l 0.220 0.133 0.113 
2 0 . 062 0.070 0 . 101 
3 0 . 062 0.070 0.054 
4 0 . 220 0.133 0.228 
5 0 . 220 0.268 0.113 
6 0.062 0.071 0.101 
7 0.062 0 . 071 0.054 
8 0 . 220 0.268 0.228 
9 -0 . 063 -0.060 -0.058 
10 -0 . 063 -0~060 -0 . 058 
1 Hirota , Hutchison and Palmer 1964. 
2 Vincent 1970. 
3 Vincent 1971 A and B. 
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Table 6.1 (b). Hyperfine interaction, of a proton with the Pz 
orbital of the adjacent carbon of naphthalene, per 
unit spin density (Hirota, Hutchison and Palmer 1964): 
Anisotropic part: 
A' /h = 34 . 7 MHz per unit spin density 
B' /h = 0 . 9 MHz per unit spin density 
C'/h = -35 5 MHz per unit spin density 
Isotropic part: 
-66 . 9 MHz per unit spin density 
A' B' 
' 
and C' are the components along A, B and C where A 
parallel to the C - H bond, B is perpendicular to the plane of 
the ring and C is a mutually perpendicular axis. 
. is 
-
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of naphthalene i n biphenyl and from a number of partially deuterated 
naphthalenes in durene-d1 (Hirota, Hutchison and Palmer 1964). 
For naphthalene, the largest spin dens i ties (Table 6.1 (a)) are 
found to reside on the 1, 4, 5 and 8 carbons (the a carbons), 
while the spin densi~ies of the S carbons (2, 3, 6 and 7) are 
much smaller . Investigations of quinoxaline and 1,5-naphthyridine 
in durene-d 1 (Vincent 1970 and 1971 A) have given estimates of the 
spin densities for these compounds (Table 6.1 (a)). 
For both diazanaphthalenes, the spin densities on the nitrogens 
are approximately 0 . 1 . The largest spin densities are those of the 
a carbons, which are quite similar to the corresponding spin 
densities of naphthalene . The spin densities on the other carbons 
are also quite similar to those of naphthalene. However, there has 
been no direct determination of the components of the hyperfine tensor 
for the N1 nucleus for triplet state nitrogen heterocyclics. The 
splittings along the axes of the nitrogen hyperfine tensor for 
have been determined by Rowlands (1962) and 
Horsfield et ai (1962). Talcott and Myers (1967) fitted the 
splittings of a number of azabenzene anion radicals in solution to 
equations of the form: 
where aN is the n i trogen splitting, PN is the spin density on the 
nitrogen and and are the spin densities on the adjacent 
carbon atoms . And: 
a = H 
where is the proton splitting and is the spin density on 
the carbon adjacent to the proton . The values they obtained for the 
-isotropic interaction were: 
QN -- 76. 11 MHz " t . d 't  ~ per uni spin ensi y, 
N QCN = -4 . 76 MHz per unit spin density, 
~d 
QH = -67 . 6 MHz per unit spin density. 
From the EPR of 1,5-naphthyridine, Vincent (1971 A) obtained 
A = 220 MHz per unit spin dens ity as~ estimate of the component 
z 
of the nitrogen hyperfine (isotropic plus anisotropic) tensor 
perpendicular to the molecular plane. For quinoxaline (Vincent 
1970), a value of A = 165 MHz 
z 
appears to be reasonable. The in-
plane components have not been accurately determined but are known 
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to be small and probably unequal (Vincent 1970 and 1971 A) with the 
component along the axis of the lone pair greater than the component 
along the in-plane perpendicular to the lone pair axis. 
6.3 Calculation of spin densities and comparison with experiment 
In general, there is reasonable agreement between the spin 
densities calculated from molecular orb i tal theory and those observed 
experimentally o The agreement is much better than that for 
calculations of the fine structure parameters and the reasons for 
this have been discussed by van der Waals and ter Maten (1964). 
To assist in the analysis of the hyperfine of 1 6-, ~d 1 7-, 
naphthyridine , spin densit i es were obtai ned from molecular orbital 
calculations (Appendix 3) us i ng the QCPE program written by Bloor 
and Gilson. The spin densit ies calculated for a number of compounds 
are shown in Table 6 . 2 0 Comparison of calculated and experimentally 
determined values shows that i n general: 
........ 
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Table 6 . 2 (a). Calculated (Section 6 . 3) and observed TI-electron 
spi n densities for quinoxal i ne and 1,5-naphthyridine: 
Quinoxaline 1,5-naphthyridine 
Atom 3 Observed Calculated 
Observed Calculated 
Spin Dens i ty 1 Spin Density Spin Density 2 Spin Density 
1 0 . 133 0.127 0 . 113 0.147 
2 0.088 0 0069 0.101 0. 084 
3 0 0088 0 . 069 0 . 054 0.063 
4 0 . 133 0 . 127 0.228 0.190 
5 0.268 0 0210 0.113 0.147 
6 0.071 0 . 080 0.101 0.084 
7 0 0071 0 . 080 0 . 054 0.063 
8 0 .2 68 0 . 210 0 . 228 0.190 
9 -0 . 060 0 . 013 0 0004 0.017 
10 -0.060 0.013 0.004 0.017 
Table 6. 2 (b) . Calculated (Section 6.3) TI-electron spin densities 
for 1,6-naphthyridine and 1,7-naphthyridine: 
Atom 3 1,6-naphthyridine 
1 
2 
3 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Vincent 1970. 
Vincent 1971 A and B. 
See Figure 1.1 . 
0 . 132 
Oc065 
0 . 087 
0 . 164 
0.183 
0 . 049 
OolOl 
0 . 203 
Oc004 
0 . 012 
1,7-naphthyridine 
0.130 
0.074 
0.062 
0.168 
0.195 
0.108 
0.047 
0.189 
0.024 
0.005 
1. The molecular orbital calculations cons istently 
underestimate the large spin densities; the experimental 
values are ~0.05 larger than the calculated values. 
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2. The calculated values of the small sp i n densities are 
generally within 0.02 of the value obtained experimentally. 
3. The calculated values of the nitrogen spin densities are 
within Oe03 of the experimental values . 
These calculations do not allow different spatial molecular orbitals 
for different spin states and therefore does not predict any negative 
spin densities. 
6.4 Determination of splittings from arbitrary spin densities and 8 
In order to reduce the number of parameters used to describe the 
hyperfine structure, certain assumptions were made which have been 
found to be reasonable for similar compounds (Hirota, Hutchison and 
Palmer 1964, Vincent 1970 and 1971 A). They are as follows: 
1. The geometry of the excited triplet state molecules is 
assumed to be planar with the atoms of the rings forming a 
regular double hexagon and the C - H bonds at 120° to 
the adjacent C - C or C - N bonds, with the C - C and 
C - N bond length taken to be 140 pm and the C - H bond 
length 108 pm . 
2 . The components of the hyperfine tensor describing the 
interaction between a given proton and the spin density on 
the adjacent carbon atom are assumed to be the same as those 
determined for naphthalene (Hirota, Hutchison and Palmer 
1964). 
3. The dipole-dipole interaction between a given proton and the 
spin density (p) on carbon atoms other than those to which 
....... 
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it is bonded, or on one of the nitrogen atoms, is estimated by 
assuming the interaction to be equal to the interaction with two spin 
densities equal to ~p located at points equal distances above and 
below (with respect to the aromatic plane) the carbon (distance equal 
to 83 pm) or nitrogen (distance equal to 68 pm) atom. 
Since there are no reliable estimates of the in-plane components 
of the N1 hyperfine tensor for these compounds (Vincent 1970 and 
1971 A) , only the splittings for the protons have been calculated. 
The values of the splittings of the L'.1m . = 0 J 
transitions ( "allowed" 
transitions) , for the high field electron sp i n transition with H//X 
or H//y , as a function of 8 (the angle between L and X ), are 
shown in Figure 6.6 . The spin densities used for this calculation 
(Table 6.5) were chosen to be consistent with the values observed for 
similar compounds (Section 6 . 2) and with the values calculated from 
molecular orbital theory. 
6.5 Experimental Result s 
Hyperfine structure was observed for 1,6-naphthyridine in 
durene-do when the magnetic field was parallel to the x fine 
structure axis (Figure 6.1). No resolved hyperfine structure was 
observed for the y and z axes. The x axis hyperfine consists 
of four equally spaced ('\-24 MHz) lines in the ratio 1:3:3:1 and 
is interpreted as being due to three protons, having almost equal 
splittings. This is what might have been expected from considerations 
of the spectra of naphthalene, quinoxaline and 1,5-naphthyridine. 
The protons causing these splittings are likely to be the 4, 5 and 
8 protons . To a very good approximation the splittings due to the 
interact ion between the magnetic moments of these protons and the 
electron spins is a maximum if His parallel to the L axis of 
-
-
1,6-naphthyridine. Ignoring the effects of spin densities on non-
nearest neighbour carbon atoms, the spin-densities on the carbon 
atoms 4, 5 and 8 can then be calculated from the observed 
splittings to be > Oe26 o 
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For a given system (e. g e 1,6-naphthyridine in durene-d14 ), there 
was no detectable difference between the hyperfine structure observed 
for corresponding electron spin transitions of the two different 
impurity sites (S and W) e For example the hyperfine struct~r·e 
for the high field x axis electron spin transitions of the S and 
W molecules of 1,6-naphthyridine in durene-d 1 are identical within 
experimental error (except for a difference in intensity). This was 
also found to be true for corresponding transitions of the two 
impurity sites of 1,7-naphthyridine in durene-d14 and also for the 
two impurity sites of 1 ,6-naphthyridine in durene-do . 
Typical spectra observed with the magnetic field parallel to the 
x and y fine structure axes of 1,6-naphthyridine and 1 7-, 
naphthyridine in durene-d 14 are shown in Figure 6.2. For none of these 
systems was it possible to observe hyperfine spectra with the field 
along the . z axis Q This is most likely due to the fact that the 
transitions with H//Z for the two impurity sites are overlapped. 
There is a striking similarity between the spectra observed for 1 6-, 
and 1,7-naphthyridine in durene-d1 • It was possible to describe 
each of the two electron spin transitions observed with H//y . in 
terms of a number of possible sets of coupling constants (Tables 
6.3 and 6 . 4 and Figures 6 e3 and 6 . 4) although in each case set 1 
gives a much better intensity distribution than the others. It was 
not possible to find sets of splittings which would describe the high 
field x or low field x axis hyperfine structure. 
The hyperfine structure observed for l,6-naphthyridine-d6 in 
--
-
Figure 6 . 1 . 
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Hyperfine structure of the ~m = ±1 electron spin 
s 
transitions for 1,6-naphthyridine in durene - d 0 wit 
H//X . 
High field transition 
Low field transition 
20 MH z 
L....__.J 
20 MHz 
'-----J 
Figure 6 . 2 (a). Observed hyperfine structure of the 6m = ±1 
s 
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electron spin transitions of 1,6-naphthyridine in 
durene-d14 at 97°k . 
High field transition Low field transition 
a) H//X : 
b) H/ /y 
';f 
Figure 6 . 2 (b) . Observed hyperfine structure of the 6m = ±1 
s 
electron spin transitions of 1,7-naphthyridine in 
durene-d14 at 97°K . 
High field transition Low field transition 
a) H//x : 
b) H//y 
104 
Table 6.3 . Sets of coupling constants which give reasonable fits to 
the hyperfine structure of the low fi e l d 6m = ±1 
s 
Set 1 
Proton 
Set 2 
Proton 
Set 3 
electron spin transitions of 
in durene- d1 at 97°K e 
l 6-, and 1,7-naphthyridine 
Line width = 5 MHz 
coupling constants (MHz) Nitrogen coupling constants (MHz) 
13 6 
13 6 
13 
6 
6 
0 
Line width = 5 MHz 
coupling constants (MHz) Nitrogen coupling constants (MHz) 
13 6 
13 0 
13 
13 
6 
6 
Line width= 5 MHz 
Proton coupling cons t ants (MHz) 
18 
Nitrogen coupling constants (MHz) 
6 
12 
12 
6 
6 
6 
0 
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Figure 6 . 3 . Attempts to simulate the hyperfine structure obs erved 
for the low field 6m = ±1 electron spin transition of 
s 
1 ,6- and 1,7-naphthyridine in durene-d1~ with H//y 
at 97°K . 
Experimental line for 
1 , 6-naphthyridine 
Simulated line using the 
coupling constants of Set 1 
Experimental line for 
1,7-naphthyridine 
0 . ... 
'--' 
Simulated line using the 
coupling constants of ~et 2 
Simulated line using the 
coupling constants of Set 3 
Figure 6 . 4 . Attempts to simulate the 
for the high field 6m = 
s 
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hyper.fine structure observed 
±1 electron spin transitions 
of 1,6- and 1 ,7-naphthyridine in durene-d14 
H/ /y at 97°K • 
with 
Experimental line f or 
1 , 6- naphthyridine 
Simulated line using the 
coupling constants of Set l 
Experimental line for 
1 , 7- naphthyridine 
Simulated line using the 
coupling constants of Set 2 
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Table 6 . 4 . Sets of couping constan s which give reasonable fits to 
the hyperfine s tructure of the high field 6m = ±1 
s 
electron spin transition of 
i n durene-d1 with H/;y a 
1,6- and 
97°K e 
1 , 7-naphthyridine 
Set l 
Line width= 7 MHz 
Proton coupling constants (MHz) 
15 
Set 2 
16 
16 
8 
8 
0 
Nitrogen coupling constants (MHz) 
7 
7 
Line width - 7 MHz 
Proton coupling constants (MHz) 
6 
16 
16 
6 
8 
8 
Nitrogen coupling constants (MHz ) 
8 
0 
I' 
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durene-d 1 ~ with H/;z (Figure 6 c5) can be interpreted in erms of 
two different electron spin transitions, each split into three lines 
of equal separation(~ 24 MHz and 1ntensi~y, with the centres of 
the two triplets non-coincident " The spec ra along the other axes do 
not show any hyperfine s r~cturec They probably consist of a large 
number of overlapping lines caused by the deuterium splittings . 
6 o 6 Analys is 
The analys is for 1,6-naphthyridine is based on an interpretation 
of the high field x and high field y axis spectra for 1 6-, 
naphthyridine in durene-d : and he high field z axis spectrum for 
1 ,6-naphthyridine in durene-d 3~ n The analysis for 1,7-naphthyridine 
is based on an analysis of the high field x and high field y axis 
spectrum for 1 , 7-napht:hyridine in durene-d 1i. c It did not prove 
possible to guess a set of coupling constants which would fit the 
hyperfine observed for l,6 - naphthyrid1ne in durene-d1 (or 1,7-
naphthyridine in durene-d1· ) with he field along X e However, a 
reasonable in erpre a tion for the high ield x axis electron spin 
trans ition is hat here are t:hree almos equal major proton 
splittings and another smaller proton splitting , The remaining 
features are then in erpreted as be ng due to forbidden transitions. 
These fea ures inc ude four peaks in the wings, he small peaks 
between the largest eight peaks and he contours of the large peaks. 
For 1,6-naphthyridine in durene-d , he hree large splittings are 
~ 25 MHz and the smaller splittings ~ 6 MHz ~ For 1,7-naphthyrid-
ine in durene-d1 the corresponding values are ~ 25 MHz and ~ 6 MHz 
respectively. 
It is extremely difficult to propose a set of splittings to 
--
-
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describe the hyperfine s r ct re of the ow field x axis transition. 
There is a reason for his Cale la ions were made of the coupling 
constant for the pro ons as a function of the angle 8) between the 
L molecular axis and X fine struc ure axis with he magnetic field 
along the X and y axes for an assumed set of spin densities. A 
posit ive value for the angle (8) is one for which X 
. 
rotated lS 
from L by an · ic ockwi se rot at ion about N (see Figure l el). They 
show (Section 6 0 ) that un ess the x fine str cture axis is nearly 
parallel to a molec lar axis, hen for he low field electron spin 
transition, he forbidden transitions are quite intense, in many 
cases, near y as intense as the allowed ransitions o 
It is possible to choose a se of split ings to fit the hyperfine 
of the low field y axis ransi ion o However, again the "forbidden" 
transitions are q i e inten_se , often nearly as in ense as the allowed 
transitions o Therefore an in erpretation based only on the allowed 
transitions canno · be cons dered as reliab l e o Because of these 
problems wi h intense forbidden ransitions for he low field transitions 
the analysis 1s based entirely on an in erpreta ion of the high field 
transitions where he i n ensities of he forbidden transitions are 
much smaller o 
An attemp was made to ob ain a compu er fit to all four lines 
simultaneously by varying the va ues of 8 and he spin densities 
using the Simplex method (Kowalik and Osbourne 1968)r Although a 
large number of initial guesses were used, the final result did not 
give what could be called a reasonab e fit to all four curves. 
6.6.1 1 ,6-naphthyridine and 1,6-naph hyridine-ds in durene-d 14 
The high fie d z axis spectrum for 1,6-naphthyridine-dG 
. in 
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durene-d1 (Figure 6 c5) can be interpreted as being due to two 
overlapp ing triplets with the centres of each triplet ~ 24 MHz apart. 
The relative intensities of the components of each triplet is 
1:1:l and the relative intensity of the components of one triplet to 
those of the other is 2c2:l • Each triplet is assigned to a 
different substitutional impurity. The spitting of each of these 
lines into a triplet is , from a comparison with the hyperfine report-
ed for quinoxaline and 1,5-naphthyridine, thought to be due to the 
N1 atom in position 1 (Figure 1 , 1). If the component of the N14 
hyperfine tensor a ong the z axis is taken to be 220 MHz (Vincent 
1971 A), then the spin density on atom l . is P:;, = 0 . 12 . If the 
splitting of 1,6-naphthyridine in durene-d 1 for the high 
field line with H/ / X is negligible and that for the high field line 
with H//y . is 7 7 MHz (Section 6 e5), then from the splitting for 
1,6-naphthyridine-d with H// Z and the isotropic component of the 
hyperfine interaction of 76 ci+ MHz per spin density (Talcott and 
Myers 1967) it is possible to obtain another estimate of Pl . The 
value in this case is Pl~ 0$14 , The two are in reasonable 
agreement . Considering the uncertainty in the values for the 
components of the anisotropic part of the hyperfine tensor (Section 
6 .2 ) the best estima e for P1 is taken to be Ocl4(0.02) For 
the N 1 atom in position 6 (NG) , the x axis hyperfine structure 
indicates hat the splitting is < 3 MHz , for the high field y 
axis spectrum the splitting is 8 MHz and for the high field z 
axis spectrum the splitting is taken to be < 13 , 4 MHz . From the 
value of A ~ 220 MHz per unit spin density, this gives Ps ~ 0.06 
z 
and from the isotropic term of 76 4 MHz per unit spin density 
Ps < 0.11 
If the high field x axis spectrum of 1,6-naphthyridine in durene-d 1 
-
Figure 6 . 5 . Hyperfine structure of l , 6-naphthyridine-d5 in 
durene -d 1 4 with H//Z . 
Observed 
20 MH z 
I 
Interpretation 
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can be described as being due to three large proton splittings plus a 
smaller one with other features, in particular the pairs of peaks on 
the wings, as being due to forbidden transitions, then it seems 
reasonable (Section 6.2) to assign these splittings to the protons on 
carbon atoms 4, 5 and 8 . To produce the splittings observed, the 
spin density on these atoms would need to be > 0.26 . 
-
This is 
considerably larger than the values of 0.16, 0.18 and 0.20 
obtained from the molecular orbital calculation, although from the 
considerations of Section 6.3, this is not surprising. For the high 
field y axis spectrum there are three large proton couplings (Set 1 
of Table 6.4). These also are assigned to the protons on carbon 
atoms 4, 5 and 8. To obtain the three large splittings observed 
for each of the high field x axis and high field y axis lines, 
the angle 8 must be non-zero and of the order of ±30° (Figure 
6.6 (a)). To obtain the values needed for the smaller splittings 
observed for the two high field transitions a value of ~ -30° for 
the angle 8 is required along with the approximate spin densities 
of Table 6.5. As required this choice gives for the high field x 
axis hyperfine line only one significant proton splitting (~6 MHz) 
other than the three major ones (Figure 6.6 (a)). At the same time 
the high field y axis transition has two sighificant proton 
splittings both ~ 8 MHz (Figure 6.6 (a)). Finally, this choice 
requires that the splittings due to the two nitrogen atoms should be 
larger for H//y than for H//X. In both cases this means that the 
components of the nitrogen hyperfine tensor should be larger along 
the lone pair axis than along the in-plane perpendicular to it. This 
agrees with the trend observed for quinoxaline (Vincent 1970) and 
1,5-naphthyridine (Vincent 1971 A). 
An important result of this analysis is that the angle between 
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the x fine structure axis and the L molecular axis of 1 6-, 
naphthyridine is ~ -30° . For the S molecule the angle between 
the x fine structure axis and the durene L axis is -40.5°(0.7°) 
Therefore the angle between the L axis of S molecule of 1,6-
naphthyridine and the L axis of durene is either ~ 10° or 
~ 70° (Figure 6.7). From a comparison of the shapes the value of 
~ 10° is the only reasonable value. For the W mole cule the angle 
from the x fine structure axis to the L durene axis is 
34.7°(1.3°) Therefore the angle between the L axis of the W 
molecule of 1,6-naphthyridine and the L axis of durene is ~ 5° 
or ~ 75° . In this case ~ 5° is the only reasonable value. The 
error in the value for the angle between the x fine structure axis 
and the L axis of 1 ,6-naphthyridine is possibly of the order of 
10° . The results therefore indicate that for 1,6-naphthyridine in 
durene-d14 near perfect substitution occurs. 
6 . 6.2 1,7-naphthyridine in durene-d14 
The hyperfine structure of the high field transitions of l 6-, 
naphthyridine in durene-d14 and 1,7-naphthyridine in durene-d14 
are,within experimental error,identical. The analysis of the hyperfine 
structure for 1,7-naphthyridine therefore fo l lows along the same 
lines of argument as for 1,6-naphthyridine. The high field 
. 
x axis 
spectrum is interpreted as being due to three large proton splittings 
of ~ 25 MHz plus a smaller one of ~ 6 MHz with other features 
being due to forbidden transitions. The three large proton splittings 
are assigned to the protons adjacent to the carbon atoms in positions 
4, 5 and 8 . The high field y axis spectrum is interpreted as 
being due to the same set of splittings used to describe the 
corresponding hyperfine structure for 1,6-naphthyridine (Set l Table 
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Table 6.5. Approximate TI-electron spin densities for 1,6-
Atom 1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
and 1 ,7-naphthyridine used to produce the diagrams shown 
in Figures 6.6 (a) and 6.6 (b). 
1 ,6-naphthyridine 1,7-naphthyridine 
0.139 0.130 
0.087 0.074 
0.067 0.062 
0.280 o. 280 
0.280 0.280 
0.120 0.067 
0.067 0.090 
0.280 0.280 
0.000 0.000 
0 . 000 0.000 
1 See Figure 1.1. 
Note: The spin densities are not accurate to the number of significant 
figures quoted here . An accurate set of spin densities would include 
estimates of the spin densities on atoms 9 and 10 and would be 
normalized. The spin densities here are not normalized for two 
reasons, namely, there are no estimates of the spin densities on atoms 
9 and 10 (they are arbitrarily assumed to be zero) and errors in 
the other spin densities may be quite large (~0.02) . 
3: 
I 
N 
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Figure 6 . 6 . Coupling constants (s plit tings) as functions o~ 8 
(Section 6 . 6) using the spin densities of Table 6 . 5 for 
(a) 1,6-naphthyridine with IHI = 4010 G and 
30 
20 
10 
(b) 1,7-naphthyridine with iHI = 4010 G. When the 
calculation is performed using the fields at which the 
high field electron spin transitions with H//y are 
observed the results are only very slightly different . 
-45° co 45° 
-45° 45 ° 
8 (degrees) 8 (degrees) 
(a) 1,6-naphthyridine (b) 1 ,7-naphthyridine 
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L' 
Figure 6.7 . The two possible orientations of the molecular L axis 
of the S impurity molecule of 1,6-naphthyridine (L') 
w.r.t. the L molecular axis of durene (L) given that 
the angle between the X and L axes is ~-30° . A 
similar situation occurs for the W molecule. 
L' 
L 
Figure 6.8. The two possible orientations of the molecular L axis 
of the W impurity mole cule of 1,7-naphthyridine (L') 
w.r.t. the L molecular axis of durene (L) given that 
the angle between the X and L axes is ~30° . A similar 
situation occurs for the S molecule. 
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6 . 4) . The three large splittings for the high field y . axis spectrum 
for 1,7-naphthyridine are also assigned to the protons bonded t o the 
carbon atoms in positions 4, 5 and 8. Figure 6.6 (b) shows the 
splittings as a function of the angle between the x fine structure 
axis and the L molecular axis for a set of spin densities (Table 
6.5) which were expected to approximate the required behaviour. The 
value for this angle (8) which gives splittings closest to those 
required for the high field y axis spectra is ~ 30° . 
For the S molecule the angle between the x fine structure 
axis and the L molecular axis is -19.3°(1.9°) • Therefore the 
angle between the L axis of the S molecule of 1,7-naphthyridine 
and the L axis of durene is ~11° or ~ 49° (Figure 6.8) . The 
value of ~11° is much more reasonable. For the W molecule the 
angle between X and the L axis of durene is 17.8°(-) so that 
the angle between the L axis of the W molecule of 1 , 7-naphthy-
ridine and the L axis of durene is ~12° or ~ 48° The value 
of ~12° is by far the more reasonable of the two. Therefore, 
within experimental error, 1,7-naphthyridine undergoes perfect 
substitution in durene. The larger values for the angle between X 
and L are less likely but cannot be completely ruled out (see 
Section 7.1.3). 
The difference in sign for the angles between the x axis and 
the L molecular axis for l 6-, and 1,7-naphthyridine is somewhat 
surprising. There is however no apparent theoretical reason why the 
angles should have the same sign. Calculations of the corresponding 
angle for quinoline, for example, yield results of different sign 
depending on the method used in the calculation (Gonda and Maki 1969 
and Boorstein and Gouterman 1965). 
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6.7 Summary and discussion 
The hyperfine structure observed for the systems l 6-, 
naphthyridine in durene-do and durene-d14 , 1,7- naphthyridine in 
durene-d14 and l,6-naphthyridine-d6 in durene-d14 , have been 
reported. A partial analysis of the hyperfine structure shows that, 
within experimental error, both 1,6-naphthyridine and 1 7-, 
naphthyridine undergo perfect substitution into the durene lattice. 
For 1,6-naphthyridine the spin density on the nitrogen atom in 
position l is found to be P1 = 0.13(0.02) and this value is in good 
agreement with the value obtained from a molecular orbital 
calculation. From the analysis, an approximate set of spin 
densities for 1,6-naphthyridine and 1,7-naphthyridine (Table 6.5) 
are proposed which give a reasonable description of the spectra and 
are in agreement with values calculated from molecular orbital 
theory. There is insufficient information to allow a complete set of 
accurate parameters to be determined. For a more accurate analysis, 
investigations using partial deuteration or ENDOR techniques will 
be required. 
r 
L 
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CHAPTER 7 
CRYSTAL PACKING CALCULATIONS 
By assuming a model for the methyl groups determinations of the 
way impurity molecules enter the durene lattice have been obtained 
from minima in the repulsion energies calculated using the empirical 
atom-atom method. The method is successful for pure durene. For the 
mixed crystal systems., it is found that there· is some "freedom" 
w.r.t. rotation about the N molecular axes and this result 
correlates well with the experimental results. 
-
-
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7 . 1 Packing calculations 
The equili brium structure of a crystal is determined if the 
potential function for all normal displacements of the crystal is 
known. It is necessary to relate the quantum properties of the 
crystal's constitutents to the macroscopic properties of the crystal, 
requiring considerations from statistical mechanics. The two are 
related through the partition function Z of the system, which is 
the summation over all accessible quantum states of the crystal, 
given by: 
where g. 
l 
Z = l g . exp ( - E . /k T) 
. l l 
l 
is the degeneracy and E. 
l 
the energy of the i-th state, 
k is the Boltzmann constant and T the absolute temperature. The 
en thalpy H and entropy S are related to Z by: 
and 
H = kT2 (a lnZJ 
3T p 
The equilibrium structure of a crystal is one of minimum free energy 
given by: 
F = H - T S . 
The approach generally adopted for molecular crystals to predict the 
crystal structure is to determine the intermolecular interaction 
energy (using various approximations) and to minimize it with respect 
to the degrees of freedom of the molecules in the crystal such that 
the space group symmetry is preserved. For molecular crystals intra-
mole cular binding forces are large while intermolecular forces are 
weak as shown by the low melting points and ready sublimation of the 
J 
solids. It is reasonable then to determine the structure from the 
intermolecular forces while the molecules themselves remain 
unperturbed. Such predictions generally agree with the observed 
structure to a few degrees for angular displacements and to a few 
picometers for translations. This approach is strictly only 
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applicable at o°K so that good agreement with the structures obtained at 
higher temperatures is due to a very small variation of the structure 
with temperature. 
The calculations of the intermolecular potential have been 
grouped by Bray (1972) into three methods as follows: 
1. the atom-atom method of Kitaigorodskii (1962, 1965), 
2. the molecule-molecule approach (Craig et aZ 1965 A and B), 
and 
3. the bond-bond approach (Rae and Mason 1968). 
The calculations here were performed using the atom-atom approach. 
In this method the intermolecular interaction is determined from the 
sum of interactions between the pairs of atoms on different molecules. 
The atom-atom interaction is given by: 
-6 V(r) = Ar + B exp(-Cr) 
where A, B , and C are empirically determined parameters and r 
is the interatomic distance. The first term gives the dispersion 
energy and the second the repulsive energy of the interaction. 
Electrostatic interactions are ignored. They are generally small and 
structure independent (Robey 1970). 
It has been consistently found that the minimum in the lattice 
energy is determined by the minimum in the repulsion energies (Craig 
et aZ 1965 B, Robey 1970, Bray 1972 , Morris 1972). The calculation can 
therefore be simplified by ignoring the dispersion terms. The 
repulsion energy was determined as a function of molecular 
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displacements using the parameters of Table 7.1. All contacts less 
than 600 pm were included. The crystallographic data and the 
positions of the C atoms of the reference molecule relative to the 
crystallographic axes are given in Table 7.2. The hydrogen repulsion 
centres (both "aromatic" and "aliphatic") have been shifted 7 pm 
along the C - H bond as suggested by Williams (1965). The 
repulsion energy, for the interaction of a host or impurity molecule 
with all of the adjacent host molecules, was determined using a 
program adapted from that of Robey (1970). A total of twenty nearest 
neighbour molecules were included. 
7.1.1 The methyl group 
Calculations for durene using the empirical atom-atom approach 
have an obvious difficulty. It is the manner in which interactions 
involving the methyl groups of the durene molecule are to be treated. 
One possibility, for example, is that the methyl groups might be free 
to rotate about the C - C bond. NMR studies of durene and other 
methyl substituted benzenes (Allen and Cowking 1968) show that line 
narrowing due to methyl rotation is effective down to 2°K. At the 
same time, the height of the potential barrier to methyl rotation is 
determined to be 1.6±0.1 kcal. mole-l (ibid) which is in reasonable 
-1 
agreement with the value of 2.03±0.16 kcal. mole obtained from 
neutron scattering experiments (Rush 1967). The reorientation of the 
methyl groups at low temperatures is therefore attributed to quantum 
mechanical tunnelling (Allen and Cowking 1968). In the rigid 
hindered rotor (Eyring Walter and Kimbal 1965) description of the 
methyl group, the barrier height will essentially restrict the 
orientation of the methyl group to a small region near the minimum. 
Therefore it seems reasonable to adopt a model in which the entire 
Table 7.1. Parameters used to calculate the intermolecular 
interactions (v(r)) • 
V(r) = Ar- 6 + B exp(-Cr) 
Interaction 
Aromatic - aromatic t 
C - C 
C - H 
H - H 
Aliphatic - aliphatic 
tt 
C - C 
C - H 
H - H 
t Rae and Mason (1968) . 
tt De Coen et al (1967). 
Units of A, B , and C are 
Parameter 
A B 
-53.5 74460 
-13.9 10530 
-3.6 5010 
-29.8 237000 
-12.1 31400 
-4.9 6600 
-1 -1 
nm kcal mole , kcal. mole 
C 
-36.0 
-36.7 
-37.4 
-43.2 
-42.0 
-40.8 
and 
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-1 
nm 
respectively. There are no values in the literature for aromatic-
aliphatic interactions and therefore for these interactions the 
aromatic-aromatic parameters were used. 
r 
L 
Table 7.2 . Crystallographic data, atom co-ordinates, bond lengths 
and bond angles for durene . 
1 
2 
3 
a) Durene crystallographic data: 
a = 1157 pm 
b = 577 pm 
C = 703 pm 
Space group P21/a 
Number of molecules per unit cell: 2 
b) Atom co-ordinates relative to the crystallographic 
co-ordinates: 1 ' 2 
C7 ( 0 . 188 0 . 314 0.267) 
Cl ( 0 . 093 0.157 0 . 127) 
C6 ( 0.037 -0.005 0.212) 
cs (-0 0055 -O el62 0 . 090) 
ClO (-0.108 -0 . 325 0.194) 
where the numbering system is that of Figure 
c) Methyl group parameters: 3 
Tetrahedral angle 109.5° 
Carbon-hydrogen bond length 109 pm 
d) Aromatic carbon-hydrogen bond length: 
108 pm 
Robertson 1933 A and B. 
Wyckoff 1969 . 
The Chemical Society 1958 0 
3 
1.1. 
-
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molecular framework is rigid . This means vibrat ions, both inter- and 
intra- molecular, are ignored and is an approximation which is always 
made in performing this type of calculation. 
The orientation of the methyl groups with respect to the 
remainder of the molecule and with each other must now be determined. 
The site symmetry of durene is C. and this fixes the relationship l 
between non-adjacent pairs of methyl groups which are related by the 
inversion centre . The relationship between adjacent pairs is not 
determined by symmetry c However, it 
. 
lS assumed for this model of 
the durene molecule that the adjacent methyl groups behave on 
rotation about the C - C bond like a pair of meshed gears. 
The orientation chosen for the methyl groups was determined by 
rotating the methyl groups about the C - C bond (by a certain 
"phase angle") until a minimum in the inter- and intra-molecular 
repulsion was found o The intra-molecular repulsions were calculated 
by assuming them to be determined by the same parameters as for 
inter-molecular repulsions . The method, however, only really applies 
to non-bonded atoms . In this case it is necessary to obtain some 
estimate for the intra-molecular interaction as they are expected to 
be the strongest o Somewhat surprisingly, these interactions vary 
very little as the methyl groups are rotated and the position is 
determined by the inter-molecular interactions . Figure 7.1 shows the 
variation of the repulsion energy on rotation of the methyl group. 
The starting point (0°) was with one of the hydrogens belonging to 
the methyl group on carbon atom 1 (Figure 1 . 1) lying in the 
molecular plane and pointing towards the ad j acent methyl group. The 
hydrogens on the adjacent methyl group are positioned so that the 
nearest two hydrogens are as far as possible from the in-plane 
hydrogen of the first methyl group . The hydrogens on non-adjacent 
-
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Figure 7 . 1 . Repulsion energy for pure durene as a function or ~he 
phase angle of the methyl groups . ~his diagram does not 
include the intramole cular interactions (Section 7.1.1). 
In clusion of these interactions shifts the curve to very 
much higher energy but leaves its shape unaltered. 
23 
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methyl groups are related by tt e site syrnr:-.etry . Hhe:1 the nydrogens 
on a given met y group are roi:ate d in a given directio. (say anti-
clockwise) about the C - C bond, the adjacent gro pis rotated in 
the opposite direction byte same amount. A positive rotation is 
take as being a ti-clockwise rotation about an axis lying along the 
C - C bond and pointing towards the aromati c ring . The min imum in 
t e repulsion energy as a function of such a rotation occurs at 90° 
(Figure 7.1). This then determines the orientation of the methyl 
groups in our model for pure durene. 
Of t he intermolecular interactions the largest were fou.Dd to be 
t.ose between the aliphatic (methyl) hydrogens and the aromatic (ring) 
carbon atoms. And these interactions also showed the greatest 
variation with rotation of the methyl groups (Figure 7.2). 
From the variation of the repulsion energy with angle, it should 
be possible to obtain a rough estimate of the height of the barrier 
to methyl rotation. The value obtained is -1 2.8 kcal. mole . Under 
the circumstances, it compares quite favourably with the values 
obtained by NMR and neutron scattering which are 1.6( 0 .1) (Allen 
and Cowking 968) and 2 . 03(0.14) (R sh 1967) respectively. 
7 . 1.2 Pure du~ene 
Before the method can be applied to an impurity molecule in the 
durene lattice, it must bes own that the model adopted can correctly 
predict the structure of the pure durene crystal. The crystal 
structure of durene has already been described in Section 3.5 and is 
shovm in Figure 7.3. The way in which the molecules pack in a 
crystal of pure dure~e was deternined by finding a minimum for the 
repulsion energy as a flli!Ct~on of rota-ion of the molecule about the 
L, M and molecular axes such that the space group symmetry is 
preserved. 
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Al1phat1c H - Al ip hatic H 
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Fi gure 7.2. The atom-atom repuls ;on energies, for durene , which show the 
greatest depe ndenc e on the phase angle of the methyl groups. 
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1-'i gure 7. 3 . The unit cell of durenc showing lhc carbon skeleton . The numberj ng s ystem is that of 
1-'igure 1 . 1 . 
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"."'he struct ·re deterr,.:.ned from X-ray crystallographic s- dies 
was taken as the iL~tial or re~erence struct re. The calculation 
s ccessf 1 y predicted a minimum int e potential energy s~rface 
within 1° oft e observed structure o The calculation was perform-
ed with two different values for the angle determining the orientation 
of the methyl groups o Both calculations gave the same result (Figure 
7 . 4). 
Te calculat i ons, which were performed using the model described 
above for the methyl group, therefore correctly predict the crystal 
structure for pure durene. It further predicts that the me~hyl groups 
are fixed with a phase angle of 90° and that the barrier to methyl 
rotation is approximately 
-1 2.8 kcal. mole . mhe latter value may 
perha?S be improved, comuared with the experimental value, by 
including dispersion interactions. 
7 . 1 . 3 Mixed crystals 
The equilibrium position of the impurity molecule is determined 
by the minimum in the repulsion enargy due to interactions of this 
molecule with the adjacent. ost molecules. mhe starting point is a 
position of ttperfect substitutionn i.eo with the molecular axes of 
t e guest parallel to those of the displaced ost. For naphthalene 
this substitution is unique. nowever, for the diazanaphalenes there 
are p to four ways in which the guest can replace the host for 
perfect substi~ution. The four possible substitutions for 1 6-, 
na:?hthyridine are show .. i. Figure 7. 5. '"'"' e substitutions labelled I 
and =II are re_ated by inversio~ trough t e molecular origin. 
Therefore, since the durene site sym~etry is C. it is only necessary l 
to co~sider one o~ these substitutio~s. Similarly, II and IV are 
related by invers·on sot at only one oft em need be considered. 
figure 7 . 4 . Pepulsio energy for as a fu ction ol 131 
rotation about the L, v1 axes for two different 
values of the phase angle of the methyl groups. 
70 I 
60 I 
M 
;:j 
(D 
~ 
~ 
,--._ 
A°' 
() 50 OJ I-' 
. 
3 
0 
I-' 
(D 
I 
I-' 
'---' 
40 
30 
20 -
P ase 
00 angle -
P ase 
0 
an g I e = I I 7 
10 
- 20 0 2.0 -20 0 20 
Angle (de rees) 
Figure 7 . 5. The ways in which a molecule of durene can 
by a molecule of (a) 1,6-naphthyridine , 
azoline, (c) 1,5-naphthyridine and (d) 
ridine . 
(a) 1,6-naphthyri dine 
I II 
N 
III IV 
(b) Quinoxaline 
I II 
Cc) 1,5-naphthyridine 
I II 
(d) 1,8-naphthyridine 
I II 
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be replaced 
(b) quin-
1, B-naphthy-
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The point group symmetry of 1,6-naphthyridine is C which is the s 
lowest symmetry possible for any of the diazanaphthalenes so that the 
maximum number of substitutions which needs to be considered for any 
of these compounds is two o For more symmetric molecules it may be 
necessary to consider only one substitution. Because of the molecular 
symmetry the total number of substitutions for quinoxaline (c2v) , 
1,5-naphthyri dine (ci) and 1,8-naphthyridine (c2v) is two. The 
two substitutions of quinoxaline and 1,8-naphthyridine are related 
by inversion (Figure 7 . 5) so that only one of them need be considered. 
The two substitutions of 1,5-naphthyridine (F igure 7.5) are not 
related by inversion. In fact inversion leaves each of them 
unchanged . Therefore both substitutions must be included. 
The simpliest approach is to consider that two substitutions for 
1,5-naphthyridine are two "different" molecules namely 1,5-diazanaph-
thalene and 4 9 8-diazanaphthalene. A similar nomenclature is adopted 
for the other molecules . In this way the two different substitutions 
will enter the lattice such that the molecular axes as defined on 
Figure 1.1 will be parallel to the molecular axes of the displaced 
durene molecule& 
For those molecules having a centre of inversion (e.g. naphthalene 
and 1,5-naphthyridine) the position of the molecular origin in the 
crystal lattice is determined by symmetry The positions of the 
molecular origins in the crystal lattice for molecules such as 1 6-, 
naphthyridine which do not have an inversion centre are not defined 
by syrmnetry . It is assumed that the origins coincide with the 
inversion centre of the displaced durene molecule. Translations from 
this centre are not expected to grossly perturb the result of the 
fixed molecule calculation. 
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It is for t~e case of an mpur~ty that the treat~ent ~or t.e 
methyl groups becomes difficult. Firstly, the introduction of &n 
impurity into a durene site destroys the site symmetry of the durene 
molecules adjacent to that site. mhe symmetry of the impurity site, 
however, may be retained if the impurity has a centre of inversion, 
for example naphthalene and 1,5-naphthyridine . The usual assumption 
maoe where impurities replace host molecules of approximately the 
same size ands' ape is tat disruptions tote lattice, and in 
particular to molecules adjacent to the impurity molecule, are 
negligible . The same assumption may be made here except for the 
orientations of the methyl groups nearest the impurity . 
Table 7 .3. P~s olute minima in the potential energy (E) with respect 
to simultaneous variations of the phase angle (¢) of 
the methyl groups and rotations (8) of the impurity 
molecules about their axes over a range from - 30° 
to 50° . 
Compound 
aphthalene 
Q inoxaline 
Q inazoline 
1,5-naDht yridine 
1,6-naphthyridine 
1,7 - nap' thyridine 
r,ub . . t ;::, st.J..tutions 
NaDhthalene 
1,4-diazanaphthalene 
,3-diaza~aphthalene 
~,2-diazanapht alene 
1,5- diazanaphtha ene 
,8 - diazana?hthale e 
1,6- diazanaphthalene 
4,7 - diazanaphthalene 
1,7-diazanap: t ' alene 
,6-diazanap thalene 
* E is in kcal. mole -
T See Section 7 . 1 . 3. 
85° 
60° 
50° 
80° 
45° 
50 
50° 
50° 
65° 
50 
e 
_50 
20° 
oo 
-20 
-10° 
20° 
~··· 
...J" 
30.0 
29.7 
29.7 
29 . 3 
27.2 
29 . 3 
29.6 
29 . 7 
29.3 
29.6 
:he ~ositio~s oft e T.ethyl groups are determined by interactions 
wi-h gues- and. ost olecules. T,e best approach wold be to find a 
mi imum in the reD son energy for every methyl gro p which is 
adjacent to the imp rity. m ' s ra-her difficult task was not 
attemp~ed . To avoid deter~i i~g a rr1~1num for eac. ~etiy: grou? it 
was assumed that t e methyl groups were relate~ byte space gro~p 
syDQetry of pure dure e. Two extreme situations were then consicerec. 
The first wast at t e positions of the riethyl groups are not 
significantly affected byte presence o f t e guest and t e other 
that the positions of the met' yl groups are determined completely by 
t e interactions with the guest. 
Forte first case t e repulsion energies ror rotations about 
the molecular axes with t . e methyl gro ps fixed by a phase angle o~ 
- 1° were investigated for a nu~ber of diazana~hthalenes and for 
nap thaleneo In all cases there are sharp minima at 0° for 
rotations ab out the L and M axes . However, rotations about the 
axis gave broader dips often showing docl)le minima . In particular 
naphthalene shows a doUL?le min ~mum at - 10°±2° and 20°±2° (Figure 
7. 6) w i ch is in conflict with the experimental evidence . A pos tive 
r otation about L, M or N is defined by the right hand rule . 
For the second approac the be. aviour of the energy as a function 
o~ rotation abo t for variat~ons oft e uhase angle of the methyl 
gro p over a range of 120° at 5° ir.tervals was investigatec . 
. . 
~n~ma w.r . t . ~hese two degrees of freedom for various 
molecules are shown in Tab e 7.3. From t e dependence of the energy 
on rotatio s about for vario s phase angles for naphthalene 
(Fig re 7 . 7) i t can be seen that the orientations oft e met yl groups 
are cri-ic a _. ~he diazar.apht' ale~es s' ow a similar behaviour although 
deta~ls vary from one compo nd to another . The second method gives a 
better result in that it predicts perfect substitution for napthalene 
and auinoxaline w ich are found experimentally to show perfect 
substit tio .. 
~wo ~mportan~ conclusions may be drawn from these calculations . 
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Figure 7.6. The repulsion ener gy for naphthalene ind rene as a 
fun ct ion of rot at ion of t he i mpurity about the L , \1 
and N axes . 
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Figure 7 . 7 . Repulsion energy of naphthalene as a func~io~ of 
rotation about the ~ axis for a number o~ different 
values of the phase angle of the methyl groups oft' e 
durene host . 
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They are that rotations about L and M show sharp minima at 0° 
while there is considerable freedom with respect to rotation about 
the N axis and that the minima for the N axis rotations are very 
sensitive to the phase angle chosen for the methyl groups. 
A number of variables have not been investigated. They are the 
effect of translations along the crystallographic axes and the effect 
of varying the parameters A, B and C . They have not been 
investigated because of the dominating influence of the positions of 
the methyl groups. 
7 . 2 Comparison with experiment 
The calculations show some uncertainty for the potential minimum 
with respect to rotations about N over a range of -30° to 50° . 
The experimental results for quinoiine (Vincent and Maki 1965) and 
1,5-naphthyridine (Vincent 1971 A and B) in durene show that the fine 
structure axes are rotated by ±13°(5°) and ±9.0°(0.8°) respectively 
from the durene molecular axes suggesting that they correspond to 
perfect substitution . For 1,6-naphthyridine in durene the 
corresponding angles are -40.7°(1.3°) and +34.7°(0.7°) and for 
isoquinoline in durene (Vincent and Maki 1965) the angles are 
38°(2°) and -12°(2°) . So that for each of these two systems it is 
certain that at least one of the impurity sites cannot correspond to 
perfect substitut i on. An analysis of the hyperfine structure (Section 
6 . 6) suggests that there is perfect or near perfect substitution 
(within ~±10°) for 1,6-naphthyridine and 1;7-naphthyridine in 
durene-d1 Quinazoli ne i n durene has four impurity sites so that 
it also shows deviations from perfect substitution. The optical 
absorption spectrum of cinnoline in durene also shows the presence 
of four impurity substitutions . On the other hand it is known that 
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naphthalene (Hutchison and Mangum 1961) and quinoxaline (Vincent 
and Maki 1963) enter the durene matrix subst itutionally. Although 
for quinoxali ne there is some evidence for another site (Jordan 
1970 and Jordan and Ross 1972). 1,8-naphthyridine i n durene 
(Nishimura et al 1971) has only one impurity site indicating that it 
also is probably perfectly substituted into the durene lattice. 
From all of this detail a general picture emerges for the way in 
which the aza- and diazanaphthalenes substitute into durene. 
In no case is there any strong evidence for significant 
deviations from perfect substitution by rotations about the L and 
M axes. Although for 1,5-naphthyridine and 1,6-naphthyridine 
the z fine structure axes of the two impurity sites are 2° apart. 
Significant rotations about the N axes on the other hand are 
quite common c In this respect the calculations are in agreement with 
the experimental result s. 
A similar picture applies to a number of substituted naphthalenes 
and azanaphthalenes (Table 7 . 4). Fischer , Zimmerman and Behnke (1970) 
report that while 1,8-naphthyridine enters the durene lattice 
substitutionally, within ±3° , that 1,4-difluoronaphthalene enters 
each durene site i n two different ways. The two different 
substitutions for 1,4-difluoronaphthalene appeared to be different 
by a rotation about the N 
. 
axis . The two impurity sites cannot both 
correspond to perfect substitution (see Section 7.1.3). Rodgers and 
Vincent (1970) find that for 2-fluoronaphthalene and 2-methyl-
naphthalene in durene the x fine structure axes are at ±7.3°(0.5°) 
and ±8°(1°) respectively to the durene L axis. They also find 
that the hyperfine structure suggests that the molecules may not be 
oriented along the durene axes but rotated slightly about the N 
axis. The results of Cleghorn (1967) for 2-methylnaphthalene in 
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durene (Table 7 . 4) differ from those of Rodgers and Vincent. The 
angles from the x axes of the two impurity sites, in this case 
are found to be 0° and ±15° respectively . Again at least one of 
the impurity sites cannot correspond to perfect substitution but is 
shifted from that position by a rotation about N. For none of 
these systems is there evidence for significant deviations from 
perfect substitution by rotations about the L or M axes. 
Table 7.4. Number of impurity sites and angle (¢) between the x 
fine structure axis and durene L axis for a number of 
substituted naphthalenes and azanaphthalenes as guests in 
a durene matrix: 
System Number of ¢(degrees) Reference Impurity Sites 
2-methylnaphthalene in 2 0° 15° 
' 
1 
durene-do 
2-methylnaphthalene . 2 go ( 1 o) 2 in 
durene-d 0 at 80°K 
2-fluoronaphthalene . 2 7.3°(0.5°) 2 in 
durene-do at 80°K 
8-chloroquinoline in 2 3 
durene-do at 4 . 2 to 40°K 
1,4-difluoronaphthalene 2 4 
in durene-do at 77°K 
1,5-difluoronaphthalene 2 4 
in durene-do at 77°K 
1,8-difluoronaphthalene 1 4 
in durene-do at 77°K 
1. Cleghorn 1967 . 
2. Rodgers and Vincent 1970. 
3. Owens et al 1970. 
4. Fischer, Zimmerman and Behnke 1970. 
7.3 Summary and discussion 
For pure durene a mi nimum is obtained in the potential energy 
curve corresponding to the observed crystallographic structure. The 
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calculations were performed using a model in which adjacent methyl 
groups on a given molecule behave on rotation like a pair of meshed 
gears. The orientations of all the methyl groups are then determined 
by symmetry once the orientation of one of them is known. The 
orientation of this defining methyl group is given by a "phase angle" 
relative to a standard orientation. Calculation of the repulsion 
energy as a function of this phase angle gives an estimate of the 
height of the barrier to methyl rotation which is in good agreement 
with experiment. The minimum in the potential energy curve for 
rotation of durene about its molecular axes is not sensitive to 
changes in the phase angle of the methyl groups. 
Corresponding calculations for mixed crystals involving 
naphthalene or one of the diazanaphthalenes as an impurity in durene 
show a different behaviour. The potential energy curves as functions 
of rotation about L and M axes have sharp minima for orientations 
corresponding to perfect substitution. The positions of these minima 
are not affected by altering the phase angle of the methyl groups. 
For rotations about the N axes the positions of the minima are 
uncertain and vary over a range of -30° to +50° about the 
orientation corresponding to the position of perfect substitution 
depending on the value chosen for the phase angle. The possibilities 
of "re-orientation" of the impurity molecule are much greater for 
rotations about the N axis than for the L and M axes and this 
is in agreement with the experimental results. 
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CHAPTER 8 
CONCLUSION 
The EPR spectra of 1,6-naphthyridine and 1,7-naphthyridine in 
durene show the presence of two substitutional positions in each 
durene site. The two different substitutions have different fine 
structure parameters but, within experimental error, identical 
hyperfine structure. 
The fine structure parameters measured for the two different 
substitutions of 1,6-naphthyridine in durene-do and for l 7-, 
naphthyridine in durene-d14 are found to be slightly different. The 
magnitude of this difference is of the same order as differences in 
the fine structure parameters due to solvent effects and multiple 
impurity sites obtained for other systems. For durene, interactions 
of two different impurity substitutions with the host will be the 
same only if the two are related by the site symmetry of durene. 
However, for these molecules, the two magnetically distinguishable 
substitutions are not related by inversion. 
The spin densities for these compounds have not been fully 
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determined except for that on the nitrogen in position 1 for 1 6-, 
naphthyridine. They do, however, seem to follow the pattern expected 
from work on similar compounds. The correlation with values predicted 
from molecular orbital theory is quite good although the larger spin 
densities are consistently underestimated in the molecular orbital 
calculations. The orientation of the two substitutions with respect 
to the durene crystallographic axes have been determined. In both 
cases the molecular plane of the impurity is very nearly coincident 
with the plane of the durene molecule it replaces. For 1,6-naphthy-
ridine in durene-do , it has been determined that the z axes of the 
two impurity substitutions lie at 1.9°(0.5°) to each other. The 
x fine structure axes of the two substitutions for 1,7-naphthyridine 
in durene-d 1 4 are, within experimental error, equidistant from the 
L durene axis. For 1,6-naphthyridine in durene-d14 , the two are 
not quite equiangular to 
other +34.7°(1.3°) . 
L . 
' 
one is at -40.5°(0.7°) and the 
The directions of the fine structure axes of molecules such as 
naphthalene, quinoxaline and 1,8-naphthyridine, which have a two 
fold symmetry axis in the molecular plane, are required by symmetry 
to lie parallel to the molecular axes. The other diazanaphthalenes, 
including 1,6- and 1,7-naphthyridine, along with quinoline and 
isoquinoline, do not possess an in-plane axis of symmetry so the 
directions of the in-plane fine structure axes are not determined by 
symmetry. In general there will be two magnetically distinguishable 
ways in which these diazanaphthalenes which do not have an in-plane 
symmetry axis can replace a durene molecule. The two different 
substitutions will in these cases be related by a 180° rotation 
about the L molecular axis. 
The argument that naphthalene, quinoxaline and 1,8-naphthyridine 
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possess in-plane two fold axes ignores interact ions with the crystal 
field. The effects of such interactions on the directions of the 
fine structure axes are expect ed to be very small (Clarke, 
Hochstrasser and Marzzacco 1969). Experimentally, it has been observed 
that naphthalene (Hutchison and Magnum 1961) and quinoxaline (Vincent 
and Maki 1963) are perfectly substituted into the durene lattice. The 
EPR of those molecules for which perfect substitution can occur in 
two different ways does show two, or in the case of quinazoline (this 
work) four such substitutions. Other workers have observed only two 
substitutions for quinazoline in durene (Nishimura et al 1971, Jordan 
and Ross 1972). The x fine structure axes of quinoline (Vincent 
and Maki 1965), quinazoline (Nishimura et al 1971 and present work), 
1,5-naphthyridine (Vincent 1971 A and B), and 1,7-naphthyridine 
(present work) are displaced symmetrically with respect to the durene 
molecular axes, suggesting that these molecules undergo perfect or 
near perfect substitution. Further evidence for quinazoline comes 
from the optical work of J or dan and Ros s (1972) who find that their 
results can be interpreted in terms of two substitutions related by a 
180° rotation about the L . axis. The x fine structure axes of 
isoquinoline (Vincent and Maki 1965) and 1,6-naphthyridine are not 
displaced symmetrically. The effect f or isoquinoline is quite large, 
the displacement for one molecule being 26° larger than for the 
other. It should also be pointed out that the small difference of a 
few degrees such as was observed for 1,6-naphthyridine (5°) would 
be within the experimental errors quoted for quinoline, quinazoline 
and 1,7-naphthyridine. Therefore, for 1,6-naphthyridine, there is 
at least a small shift from perfect substitution, while for 
isoquinoline there is a large one. It is significant that the shift 
• 
in both cases is by rotation about the N durene axis. It is for 
rotation about this N axis that the packing calculations 
(Chapter 7) yield ambiguous results, while for rotations about L 
and M deep well defined minima are obtained. 
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Also the calculations show the repulsion energies to be low over 
a range from -30° to 50° and the angles from the durene L . axis 
to the fine structure axis of isoquinoline are -12°(2°) and 
38°(2°) fit neatly within this range. An analys i s of the hyperfine 
structure shows that 1,6-naphthyridine and 1,7-naphthyridine undergo 
perfect or near perfect (within ~±10°) substitution in durene-d14 . 
The results obtained here for 1,6-naphthyridine and quinazoline 
are particularly interesting. In both cases, there are deviations 
from perfect substitution. The observation of four substitutions for 
quinazoline is probably best explained by considering that each of 
the two possible ways in which the molecule can replace a molecule of 
durene has a double minimum w.r.t. rotation about N near the 
position of perfect substitution. This explanation correlates with 
observations for the other l,x-diazanaphthalenes and with the results 
of the packing calculations. For 1,6-naphthyridine, the results 
indicate that the two observed substitutions are not quite coincident 
with the two positions of perfect substitution. 
Perfect substitution for the l,x-diazanaphthalenes in durene 
then is not so much the rule as would have been expected from 
earlier work. Significant deviations are possible due to rotations 
about the N axes and this is in agreement with the packing 
calculations . 
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Appendix l 
The effect of off-diagonal elements in the g-tensor 
Assume that the x and y principal axes of the g-tensor lie at an 
angle 8 to the X and Y axes of the fine structure tensor. Then: 
- -
0 
g = 
0 
-
To express the g-tensor w.r. t. the X and Y axes requires a 
unitary transformation as follows: 
g = 
where: C = cos 8 and S 
Therefore: 
g = 
= 
so that 
and 
- - -C -S g 
xx 
s C 0 
- - -
. e. = Sln 
-g c2+g s2 
xx yy 
... (gxx - gyy) SC 
-
gxx gXY 
gXY gyy 
... 
gxx = gxx c2 
gyy = gxx 52 
- -
-0 C s 
g -S 
yy_ -
C 
-
(g -g ) SC-
xx yy 
g s2+g c2 
xx yy 
-
+ gyy S2 
+ gyy c2 
The reverse transformation is also possible: 
(la) 
(lb) 
(le) 
.. 
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- - -
- -
... 
C s gxx gXY C -S 
g = 
-S C gXY gyy s C 
-
...J -
- -
-
- 2 2 
gxx C +2gXYSC+gyyS 
= 
-gxxSC+gXY(S2-C2)+gyysc 
-
-
Consider the off-diagonal terms - they should be zero: 
Sc+ (c 2 s 2 ) + sc ( )sc + g cc 2 -s 2 ) 
-gxx gXY - gyy = gYY-gXX XY 
= 0 
as required. 
Therefore from the last equation for g . . 
2 
+ 2gXYSC + 2 (2a) gxx = gxxc gyys 
2 
+ 2gXYSC + 2 (2b) gyy = gxx8 gYYc 
Perturbation theory: 
To estimate the effects due to the off-diagonal term gXY on the 
energy levels and on the EPR transitions, perturbation theory is 
employed. The triplet spin state Hamiltonian (H) (see Section 2.1 . 2) 
is given by: 
H = SH.g. S + S.D.S 
where S, D, H and S are defined in 2 . 1 and g . by: as 
' 
lS given 
- -
gxx gXY 0 
g gXY gyy 0 = . 
0 0 gzz 
- -
Now define 9 ° and g' as follows: 
i 
I 
I 
-
gxx 
gO 0 
= 
0 
._ 
0 
g·' = gXY 
0 
0 
0 
0 
0 
0 
0 
0 
' 
-
-
Then the zero-order ter·m in the Hamiltonian (H 0 ) is given by: 
H0 = SH.g 0 .S + S.D.S 
and the perturbation term is: 
H' = SH. g' . S . 
For H//Z: 
Then : 
H' = 0 
so that in this case there is no effect on the energy due to gxy· 
For H//X : 
Then: 
H' = SHg S XY Y 
(similarly for H//Y then H' = SHgxySyJ• 
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It is convenient to permute the X, Y and Z axes into a new set 
of axeB Z', X' and Y', such that X becomes Z', Y becomes X' and Z 
becomes Y'. Then H0 may be written in spin matrix form as follows: 
-
gz ,z,SH 
Z' 0 Y'-Z' - 2 2 
Ho - 0 Z' 0 -
y' -X' 0 
-gz,z,SH 
Z' 
-
2 2 
--
and 
II 
I 
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- -0 1 0 
H' = 12 -1 ( 2) gX'Z'SH 1 0 1 
0 1 0 
-
-
The eigenvectors and eigenvalues (WO) of H0 are: n 
and 
where 
C' 
o or 11> with w~ = -(Z '/2) + /c"'x'-Y') 2 /4+g~, 2 ,S
2 H2 , 
s' 
~ -
- -
0 
1 
0 
- -
- .. 
-S' 
0 
C' 
.... -
or lo> with w~ = 
C' - cos 8 1 , S' = . Sln 
Z' 
' 
8' and tan 28 1 = (X'-Y')/2g2 , 2 ,SH. 
Now since H' does not contain any diagonal elements there are no 
first order perturbation terms. The second order terms (w 2 ) are given by: n 
2 I ( 0 I H' 11 ) I 2 l<olH'l1>12 
Wo = + 
wo-wo 0 0 W -W-0 1 0 1 
= 
I ( 0 I H' I 1) 12 + I ( 0 I H' I 1> I 2 
0 0 0 0 
. 
W i-W o W -W-0 1 
Now 
= C /2) -1 gx ' z , SH< o I s x ' 11 > 
-
-
,.... 
·-
0 1 0 C' 
= 
12 -1 ( ) gX'Z'SH[O 1 OJ 1 0 1 0 
0 1 0 S' 
'-
-
-
= (/2)-lgX'Z'SH(C'+S') 
and similarly: 
n 1so 
I 
I 
The terms 
and: 
2 
and W1 are given by: 
0 0 
W1-Wo 
w~ = I< 0 I H' I I> I 2 = _ I <-o I H' I I> I 2 
1 O O O 0 W--W W -W-1 0 0 1 
The EPR Transitions: 
Consider the transition from Io> to 11> 
W1 - Wo - (w~-w~) + (w~-wi) -
= (w~ -w~) + 2 l<o!H'!1>12 l<olH
1 II>l 2 
WO -WO w0 -W~ 
l 0 0 l 
' 
so that if the frequency at which this transition occurs is v0 1 
' 
then: 
I< o!H' II>l2 
w0 -W~ 
0 1 
And, similarly if the frequency at which the transition from 
Ii> to lo> occurs is v1 0 then: 
' 
h,, = Wo - W-1 VI,o 
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An order of magnitude calculation 
It remains to be shown that these effects are negligible. The 
values of and gyy normally differ by about 0.0005 (see 
Section 5.1). The extreme case is for the axes of g to be at 45° 
to those of D and in this case would be approximately 
0.0003 . Therefore, a value of OeOOl is taken as an upper limit 
for 
For the magnetic fields considered here the eigenvectors can be 
approximated by: 
C' 1 
0 'v 0 
S' 0 
and: 
S' 0 
0 'v 0 
C' l 
o o o _ WO 
And the separation of the energy levels W0 - W1 and W1 0 are 
of the order of 
g 'v 2 • 
[(2/2)-1 . 10- 3.hv] 2 
hV 
Finally, SH 'v hV/2 . since 
With these approximations, the changes in the separation between 
the energy levels 
2 2 W - W-o l and 
w2 - w2 
1 0 
are found to be of the 
order of -7 hV.10 , which is negligible compared with an original 
separation of the order of hV. 
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Appendix 2. 
Direction cosines of fine structure axes 
Consider that the direction cosines, with respect to a set of 
orthogonal co-ordinates, of an axis x are given by ( a , b , C') X X X 
and are known , and of the direction cosines (a, b , c') of an axis y y y 
y , perpendicular to x, only c' is known. Then, if the values y 
a , b , c ' and c' are known precisely, a and b can be 
X X X Y Y Y 
calculated exactly from the condition that: 
x.y = o 
. i . e . 
a a + b b + c'c' = 0 . 
X y X y X y 
Substituting for b = 1 a2 c'2 and re-arranging 
. 
- -
gives: 
y y y 
2a c'c' C 1 2c 1 2+b2c 1 2_b2 
a2 + X X Y._ + X y 
X y_ X 0 a = • 
y a2+b2 y a2+b2 
X X X X 
So that in general there will be two possible solutions for a y 
geometric description of the situation is as follows. Since X 
known , then y lies somewhere in the plane whose normal is X. 
There will be only one axis in the plane with a given value of 
(la) 
(lb) 
(2) 
A 
. is 
c' y 
so that the equation has only one solution for I a I (though not 
necessarily for 
However, if 
a ). y 
a , b , c' 
X X X 
and 
y 
c' are determined experimentally, y 
then these relationships will most likely not be exact . In this 
case, there may be two solutions for I a I y and it may be that there 
is no real solution for a y 
The condition which should be applied 
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in this case is that the value of x.y should be as near as possible 
to zero . This condition is fulfilled if: 
or if 
expanding the latter gives: 
d(x.y) 
db y 
= 0 
2(x.y) d(X.y) - 0 
db y 
so that the requirement is that: 
x.y = o 
or 
dX . y = 
db y 
0 • 
The solutions for (3) are given by equation (2). 
a2 
a2 + 2 a 
y b2 y 
X 
and again this has two solutions. 
(c'-1) = 0 y 
If dX.y = 0 db y 
(3) 
( 4-) 
( 5) 
then: 
( 6) 
The ambiguities which result are resolved by requiring that Y 
should be as near as possible to being perpendicular to Z also. 
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Appendix 3 
Molecular orbital calculation 
The QCPE program written by J.E . Bloor and B.R. Gilson 
("71.3 SCFCIO") was used to calculate closed shell SCF TI-electron 
molecular orbitals followed by a triplet state configuration 
interaction calculation for naphthalene, quinoline, isoquinoline and 
a number of l,x-diazanaphthalenes. 
For the molecular orbital calculation the molecular geometry was 
assumed to be a regular double hexagon. The C - C and C - N 
bond lengths were taken to be 140 pm Huckel molecular orbitals 
were calculated in the program to provide a starting point for the 
first iteration. Values for the valence state ionization energies 
(w) and the one-centre repulsion integrals µ 
(Tinland 1967): 
11.16 
14.15 
11.13 
12.82 
Other parameters used in the program were: 
SC-C = -2.41 eV 
SC-N = -2 . 70 eV 
(y ) were as follows µµ 
The two centre integrals were calculated from the Mataga formula. 
The configurations included in the configuration interaction 
calculation are shown in Figure A3.l . 
The results of the molecular orbital calculation are tabulated 
in Table A3.l. The results of the configuration interaction 
calculation are shown in Table A3.2 and spin densities calculated 
_J 
Table A3 . l. Molecular orbital co-efficients and energies (eV) 
Naphthalene: 
Atom 
Orbital Energy l 2 3 4 5 6 7 8 9 10 
l -14.204 0. 302 0.240 0.240 0.302 0. 302 0.240 0.240 0. 302 0.450 0.450 
2 -12.326 -0.264 -0.425 -0.425 -0.264 0.264 0.425 0.425 0.264 0.000 0.000 
3 -11.341 -0.399 -0.184 0.184 0. 399 0. 399 0.184 -0.184 -0.399 -0.338 0.338 
4 -10.275 -0.002 -0. 39 8 -0. 39 8 -0.002 -0.002 -0.398 -0. 39 8 -0.002 0.428 0.428 
5 -9.258 -0.425 -0.264 0.264 0.425 -0.425 -0.264 0.264 0.425 0.000 -0.000 
6 -1.933 0 .425 -0.264 -0.264 0.425 -0.425 0.264 0.264 -0.425 0.000 -0.000 
7 -0.915 -0.002 0. 398 -0. 39 8 0.002 0.002 -0. 39 8 0. 398 -0.002 -0.428 0.428 
8 0.151 -0. 399 0.184 0.184 -0. 399 -0.399 0.184 0.184 -0 . 399 0.338 0.338 
9 1.135 -0.264 0.425 -0.425 0.264 -0.264 0.425 -0 . 425 0.264 0.000 -0.000 
10 3.014 -0.302 0.240 -0.240 0. 302 0.302 -0.240 0. 240 -0.302 0.450 -0.450 
Quinoline: 
Atom 
Orbital Energy l 2 3 4 5 6 7 8 9 10 
l -14.628 0.459 0. 320 0.249 0.271 0. 234 0.172 0 .182 0.262 0.460 0. 392 
2 -12.628 -0. 376 -0.405 -0.266 -0.049 0.384 0.466 0.406 0. 2 36 0. 00 3 0.191 
3 -11. 7 37 -0.356 -0.030 0.374 0.526 0.254 0.012 -0.260 -0. 360 -0.263 0. 35 3 
4 -10. 284 0.015 -0.388 -0.410 -0.009 0.011 -0.391 -0.402 -0.016 0.420 0. 436 
5 -9.587 -0.345 -0.174 0.257 0. 352 -0.482 -0.319 0.260 0.497 0.114 -0.020 
6 -2.140 0.391 -0.318 -0.264 0.469 -0.405 0.249 0.265 -0.396 -0.054 -0.019 
7 -0.932 0.013 -0.413 0. 397 -0.002 0.006 0. 389 -0.400 0.011 0.425 -0.425 
8 0.067 0. 336 -0.189 -0.166 0.382 0.431 -0.221 -0.173 0.416 -0. 35 3 -0.341 
9 1.067 -0. 2 36 0.431 -0.430 0.273 -0.252 0.424 -0.430 0.266 0.013 -0.021 
10 3.012 -0.284 0.244 -0.231 0.287 0. 29 7 -0.239 0.245 -0.315 0.470 -0.446 
f--' 
01 
01 
II 
-, 
-
Quinazoline 
Atom 
Orbital Energy l 2 3 4 5 6 7 8 9 10 
l -14.968 0 . 423 0.358 0. 39 5 0.331 0.204 0.139 0.144 0.215 0 .404 0 . 369 
2 -13 . 015 -0 .124 -0 . 335 -0.44-7 -0.177 0. 335 0. 4-16 0.4-15 0.330 0.196 0.190 
3 -12.107 -0.533 -0.161 0 . 32 8 0. 4- 31 0 .331 0.218 -0.022 -0.227 -0. 336 0.273 
4- -10.676 0.056 -0.269 -0.34-2 0.092 0 .131 -0.341 -0.511 -0.208 0.319 0 . 509 
5 -9.728 -0.351 -0. 2 76 0.143 0 . 29 8 -0.4-62 -0.382 0 .186 0.502 0.206 0.059 
6 -2.261 0.371 -0.249 -0.270 0 . 506 -0 . 418 0 . 22 3 0 . 296 -0.387 -0 .097 0 . 013 
7 -1.073 0.033 -0.4-59 0.338 -0.004- -0 .039 0.412 -0.372 - 0.04-4 0 . 448 -0.4-03 
8 -0.026 0 .326 -0.184- -0.150 0.406 0.420 -0.192 -0.199 0.422 -0.333 -0. 36 3 
9 0.987 -0.251 0.458 -0.375 0.262 -0 . 265 0.433 -0 . 434 0 .268 0.011 -0.006 
10 2.943 -0.295 0.265 -0.223 0.294 0.290 -0. 2 32 0.237 -0.311 0 . 4-70 -0.4-43 
Isoquinoline 
Atom 
Orbital Energy 1 2 3 4- 5 6 7 8 9 10 
l -14-.564- 0. 368 0 . 4-10 0. 30 8 0.292 0.240 0.182 0.186 0 . 255 0.4-17 0. 390 
2 -12 . 950 -0.246 -0.509 -0.344 -0 . 083 0 .334 0.402 0.382 0.283 0 .129 0.202 
3 -11.477 -0 . 323 -0 .16 3 0.223 0.461 0.340 0.054 -0.296 -0.420 -0.24-9 0.403 
4 -10 . 652 0.087 -0.335 -0.269 0.058 -0.168 -0.503 -0.371 0.092 0 . 499 0. 35 8 
5 -9 . 390 -0.374 -0.171 0 . 360 0.447 -0 .435 -0. 210 0 . 309 0.4-06 -0.059 -0 . 070 
6 -2.059 -0.462 0.273 0 . 194- -0.407 0.4-15 -0.298 -0 . 234- 0 . 436 -0 . 035 0.04-9 
7 -1.066 -0.006 0. 339 -0.445 0.026 -0.05 7 -0. 366 0.4-22 -0.050 -0.405 0.453 
8 0.060 -0.424- 0 .168 0.176 -0.386 -0.4-05 0.211 0 .155 -0.386 0 . 359 0. 319 
9 1.052 -0.252 0. 36 8 -0.449 0.282 -0.266 0.429 -0.434 0 .27 7 -0.014 0.000 
10 2.945 0.309 -0.230 0.260 -0. 314 -0.297 0. 2 33 -0.233 0.295 -0.4-4-7 0.450 f---' 
Ul 
CJ) 
I_.._ 
Quinoxaline 
Orbital Energy 1 2 3 4 
1 -15.024 0.411 0.311 0.311 0.411 
2 -12 . 706 -0.206 -0 .334 -0.334 -0.206 
3 -12.526 -0. 5 39 -0.237 0.237 0. 5 39 
4 -10 .293 0.008 -0. 39 8 - 0.398 0.008 
5 -9.824 -0.275 -0.173 0.173 0 .275 
6 -2. 39 3 -0.429 0 . 322 0.322 -0 .429 
7 -0.972 -0.014 0.412 -0.412 0.014 
8 -0.010 -0.323 0.172 0.172 -0.323 
9 0 .986 0 . 243 -0.434 0 .434 -0.243 
10 2.997 -0.272 0. 235 -0.235 0.272 
1 , 5-naphthyridine 
Orbital Energy 1 2 3 4 
1 -14.921 0 . 384 0.256 0.208 0. 254 
2 -13.167 -0.479 -0 .423 -0.250 -0.050 
3 -11.905 -0.228 0.080 0.391 0.460 
4 -10.296 0 .07 2 -0.355 -0.442 -0.072 
5 -10.038 -0.404 -0.267 0.221 0.440 
6 -2. 335 -0.374 0.304 0.266 -0.443 
7 -0.951 -0 .007 0.404 -0.399 0.010 
8 -0. 031 0. 367 -0. 2 30 -0.15 4 0.401 
9 0.998 -0 .224 0. 430 - 0.435 0.276 
10 3.006 -0. 2 80 0.243 -0.235 0. 300 
Atom 
5 6 7 
0.215 0.141 0.141 
0.337 0 . 466 0.466 
0. 2 32 0.095 -0.095 
-0.001 -0. 39 5 -0. 39 5 
-0.534 -0.307 0. 307 
0.378 -0.252 -0.252 
0.002 -0. 390 0.390 
-0.445 0.208 0.208 
0.256 -0.431 0. 431 
0.309 -0.242 0.242 
Atom 
5 6 7 
0.384 0.256 0.208 
0.479 0.423 0.250 
0.228 -0. 0 80 -0.391 
0.072 -0.355 -0.442 
-0.404 -0.267 0.221 
0.374 -0.304 -0.266 
0.007 -0.404 0. 399 
0. 367 -0. 2 30 -0.154 
-0.224 0.429 -0.435 
0.280 -0.243 0. 235 
8 
0.215 
0.337 
-0. 2 32 
-0.001 
0. 534 
0 . 378 
-0.002 
-0.445 
-0.256 
-0.309 
8 
0.254 
0.050 
-0.460 
-0.072 
0.440 
0. 443 
-0 .010 
0.401 
0.276 
-0.300 
9 
0.411 
0.124 
-0.301 
0. 430 
0.121 
0.075 
-0.421 
0. 354 
-0. 033 
0.465 
9 
0.424 
-0.162 
-0.278 
0.410 
0.155 
0.036 
-0.422 
-0. 35 8 
-0.009 
0.466 
10 
0 .411 
0 .124 
0.301 
0.430 
-0.121 
0.075 
0.421 
0. 354 
0.033 
-0.465 
10 
0 .424 
0.162 
0.278 
0 . 410 
0 .155 
-0 . 0 36 
0.422 
-0 . 35 8 
-0.009 
-0.466 
-, 
- -
f--' 
(.Tl 
....J 
-1,6-naphthyridine 
Orbital Energy l 2 3 4 
l -14.871 0 . 402 0.275 0.218 0.25 4 
2 -13. 365 -0 . 412 -0 . 378 -0.257 -0 .113 
3 -11 .818 -0. 359 -0.026 0.385 0. 5 34 
4 -10 .707 -0 .132 -0.465 -0 .364 0.074 
5 -9.731 -0.349 -0. 0 79 0.337 0.323 
6 -2.265 0.383 -0.347 - 0.241 0.480 
7 -1.079 -0. 0 36 -0.380 0.417 -0.048 
8 -0.028 0.344 -0.221 -0.131 0.368 
9 0.982 0.237 -0 . 435 0. 439 -0.287 
10 2 .945 -0 .280 0. 2 36 -0.223 0 . 280 
1,7-naphthyridine 
Orbital Energy l 2 3 4 
l -14 . 892 0.415 0.278 0. 214 0.240 
2 -13 . 283 -0. 3 72 -0.378 -0.297 -0.173 
3 -11.951 0.415 0 .16 3 -0.245 -0.485 
4 -10 . 692 -0 . 091 0.379 0.525 0.169 
5 -9 . 6 89 -0.321 -0 . 2 39 0.179 0. 356 
6 -2.275 -0.400 0.296 0. 29 3 -0. 462 
7 -1 . 089 -0.050 0. 436 -0 .369 -0.053 
8 -0.022 0.324 -0.155 - 0. 196 0. 389 
9 0.978 -0.248 0.442 -0.434 0.274 
10 2.940 -0.278 0. 236 -0.224 0.283 
Atom 
5 6 7 
0. 300 0.311 0.244 
0.349 0 . 563 0. 365 
0. 2 35 -0.002 -0.256 
0.004 -0.387 -0.211 
-0.423 -0.179 0. 39 8 
-0 .441 0 . 252 0.204 
-0.012 0.339 -0.442 
0.459 -0.200 -0.163 
0.238 -0. 366 0.454 
0.304 -0. 229 0.265 
Atom 
5 6 7 
0.241 0. 2 34 0.318 
0.206 0.415 0.550 
-0 . 376 -0.115 0.205 
-0.138 0 . 213 0.353 
-0.495 -0.426 0.143 
0 . 388 -0.186 -0.267 
0.007 -0.429 0.346 
0.417 -0.213 -0.158 
-0.272 0.449 -0.373 
0. 309 -0.259 0. 234 
8 9 
0 .26 5 0.427 
0 .114 -0 . 146 
-0. 355 -0. 2 70 
0.170 0.428 
0.519 0 . 007 
-0.378 -0 . 012 
0.021 0.458 
0 . 401 ·-0.332 
-0.285 -0.013 
-0. 32 7 0 . 470 
8 9 
0. 318 0 . 445 
0.277 -0. 0 82 
0.274 0.183 
-0.020 -0.450 
0.441 0 .189 
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Figure A3.l. Triplet state configurations included in the 
configuration interaction calculation. 
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from these results, for some of these molecules are shown in Table 
A3.3. The remainder of the calculated spin densities are shown in 
Table 6.2. 
Table A3. 2. Lowest triplet after configuration interaction. 
(5,6) (5,7) (4,6) (4 , 7) 
Naphthalene 0.991 0.000 0.000 -0.136 
Quinoline 0.990 -0.020 -0.018 0.138 
Isoquinoline 0 . 990 -0 . 076 0.065 -0 . 102 
Quinazoline 0 . 989 0.064 -0.077 0.105 
Quinoxaline 0 . 990 0.000 0.000 0.140 
1,5-naphthyridine 0 . 984 0.004 -0.093 0.155 
1,6-naphthyridine 0.986 -0.103 0.087 0.099 
1 ,7-naphthyridine 0.990 0.037 0.106 -0.090 
Table A3.3. Spin densities calculated for quinoline, isoquinoline 
and quinazoline. 
Atom Qui no line Isoquinoline Quinazoline 
1 0.133 0.174 0.128 
2 0 . 068 0.053 0.070 
3 0 . 070 0 . 085 0.048 
4 0.169 0 . 180 0.170 
5 Ool94 0 176 0.191 
6 0 . 083 0.068 0.098 
7 0 . 071 0.076 0.063 
8 0 , 198 0 . 175 0.198 
9 0.011 0.005 0.028 
10 0.004 0.006 0.005 
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